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Differential  reflectometry  was  utilized  for  the  first  time  in  a systematic  study 
of  implantation  damage  and  post-implantation  annealing  behavior  of  silicon. 
Arsenic,  silicon  and  boron  ions  of  various  energies  and  doses  were  utilized  as 
implantation  species. 

It  has  been  demonstrated  that  differential  reflectometry  is  fast  and 
nondestructive.  The  technique  allows  an  immediate  assessment  of  the  changes  in  the 
electronic  structure  caused  by  ion  implantation  or  annealing  and  a direct 
identification  of  the  damaged  structures  of  the  implanted  layer. 

A new  method  for  data  reduction  from  differential  reflectograms  has  been 
developed,  which  provides  quantitative  information  on  the  thickness  of  implantation- 
induced  amorphous  layers  in  silicon. 
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The  effect  of  implantation  energy,  dose,  species,  annealing  temperature, 
annealing  time,  and  wafer  orientation  on  damaged  structures  created  during 
implantation  has  been  studied.  Comparisons  of  our  findings  with  the  results  obtained 
by  cross-sectional  transmission  electron  microscopy  are  presented.  It  is  shown  that 
the  results  from  this  study  utilizing  differential  reflectometry  not  only  confirm  the 
current  understanding  of  ion  implantation  damage,  but  also  provide  additional 
detailed  understanding  and  analysis. 

A detailed  study  on  the  isothermal  annealing  of  implantation-induced 
amorphous  silicon  via  solid  phase  epitaxial  regrowth  has  been  conducted.  Four 
distinguished  annealing  stages  (regimes)  have  been  found  which  represent  different 
migration  rates  of  the  amorphous/crystalline  interface.  Mechanisms  for  these  four 
regimes  are  discussed.  The  activation  energies  for  Regimes  I,  II,  and  III  were  found 
to  be  0.27  eV,  2.3  eV,  and  2.3  eV,  respectively.  It  was  further  found  that  the 
concentration  of  the  implanted  species  has  a strong  effect  on  the  solid  phase  epitaxial 
regrowth. 
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CHAPTER  1 
INTRODUCTION 


Ion  implantation  is  a process  in  which  energetic  ions  are  embedded  into  a 
substrate.  The  purpose  of  utilizing  ion  implantation  technology  in  materials 
engineering  is  to  change  the  electrical,  metallurgical,  structural  or  chemical 
properties  of  materials.  In  the  semiconductor  industry,  the  use  of  ion  implantation 
is  mainly  used  as  a doping  method,  that  is  to  introduce  small  amounts  of  impurities 
into  surfaces  of  substrates.  The  acceleration  energies  of  the  ions  range  typically  from 
a few  thousand  electron  volts  (keV)  to  several  million  electron  volts  (MeV).  The 
penetration  depth  of  the  ions  depends  on  their  energy  and  mass  and  also  on  the 
atomic  density  of  the  target.  Ion  doses  are  typically  in  the  range  of  1012  to  a few 
times  1015  ions/cm2  for  common  doping  processes  in  the  fabrication  of  semiconductor 
devices. 

For  semiconductor  doping,  ion  implantation  offers  a number  of  technological 
advantages  [1]  over  conventional  thermal  diffusion.  It  provides  improved 
homogeneity,  better  reproducibility  of  the  doping  process,  exact  controllability  of  the 
number  of  doping  atoms  introduced,  capability  of  relatively  low  temperature 
processing,  and  creation  of  shallow  doping  layers.  Among  these  advantages,  the 
precise  control  of  the  amount  and  profile  of  the  doping  ions  plays  the  most  important 
role.  However,  a major  drawback  of  ion  implantation  is  the  creation  of  radiation 
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damage  by  the  ion  bombardment.  Depending  on  the  implantation  conditions,  the 
damaged  structure  can  be  one  of  the  following  three  types:  a heavily  damaged  single 
crystal  region,  a continuous  surface  amorphous  layer,  or  a buried  amorphous  layer, 
as  shown  in  Figure  1.1.  For  all  types  of  damaged  structures,  high  temperature 
annealing  is  required  to  restore  the  crystal  lattice  and  to  move  the  implanted  ions  to 
electrically  active  lattice  positions. 

An  important  part  of  the  development  of  ion  implantation  technology  is  the 
characterization  of  the  damage  which  is  produced  by  ion  bombardment.  A variety 
of  experimental  techniques  have  been  used  for  this  purpose,  such  as  x-ray  diffraction, 
transmission  electron  microscopy  (TEM),  Rutherford  back-scattering  (RBS),  and 
electron  paramagnetic  resonance  (EPR).  Among  these  techniques,  Rutherford  back- 
scattering  with  channeling  and  transmission  electron  microscopy  are  the  most 
powerful  and  commonly  used  tools  in  the  study  of  ion  implantation  damage  in 
semiconductors.  Rutherford  back-scattering  is  mainly  used  when  the  primary  damage 
needs  to  be  investigated.  It  provides  information  on  the  number  of  displaced  atoms 
and  the  thickness  of  an  amorphous  layer.  Most  investigators  who  studied  solid  phase 
epitaxial  regrowth  have  used  this  technique  [2,  3,  4,  5,  6].  Transmission  electron 
microscopy  (TEM)  gives  an  immediate  image  of  the  damaged  area  and  is  also  useful 
to  explore  the  secondary  damage,  i.e.,  residual  defects  generated  by  annealing.  A 
systematic  anlysis  of  defects  has  been  studied  with  plan-view  and  cross-sectional  TEM 
[7,  8].  Further,  the  formation  and  the  type  of  dislocations  which  form  during 
annealing  have  been  investigated  by  TEM  [9,  10,  11]. 
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Figure  1.1.  Schematic  diagrams  of  possible  damage  structures  obtained  by  ion  implantation 
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RBS  and  XTEM  have  nevertheless  distinct  shortcomings.  Rutherford  back- 
scattering  requires  sophisticated  data  acquisition  and  analytical  equipment. 
Transmission  electron  microscopy  is  a destructive  technique  and  requires  a large 
amount  of  time  for  sample  preparation.  On  the  other  hand,  measurements  of  the 
optical  properties  offer  certain  advantages  over  RBS  and  TEM.  Optical  techniques 
are  nondestructive.  Reflectivity  measurements  [12  - 23],  optical  absorption  studies 
[24,  25],  and  ellipsometry  [26  - 37]  have  been  utilized  for  the  characterization  of  ion 
implantation  damage.  However,  little  work  has  been  reported  upon  a systematic 
study  of  ion  implantation-induced  radiation  damage  using  optical  techniques. 

The  method  employed  in  the  present  study  is  differential  reflectometry  (DR) 
which  has  been  successfully  used  before  to  investigate  the  electronic  structures  of 
alloys  [38],  order-disorder  transformations  [39,  40],  and  corrosion  [41].  Differential 
reflectometry  is  fast  and  simple  compared  to  other  techniques  and  provides 
immediate  and  easy  to  interpret  information  about  the  changes  in  the  electronic 
structure.  Most  of  all,  DR  is  highly  sensitive  to  very  small  variations  in  surface 
properties  due  to  its  difference-forming  nature. 

A systematic  study  of  ion  implantation  damage  employing  differential 
reflectometry  has  been  carried  out  here  for  the  first  time  using  silicon,  boron,  and 
arsenic  ions  as  implanted  species  which  have  been  introduced  into  silicon  substrates 
utilizing  various  implantation  energies  and  implantation  doses.  The  epitaxial 
regrowth  of  the  damaged  area  has  been  studied  by  isothermal  and  isochronal 
annealing.  From  the  experimental  results  thus  obtained,  the  kinetics  of  the  solid 
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phase  epitaxial  (SPE)  regrowth  of  surface  amorphous  layers  have  been  deduced.  The 
results  from  the  optical  measurements  are  compared  with  those  obtained  by  cross- 
sectional  transmission  electron  microscopy. 

This  dissertation  is  divided  into  five  chapters.  Chapter  1 gives  an  introduction 
into  the  field  of  ion  implantation  technology,  and  the  purpose  of  this  research  work 
is  presented.  Chapter  2 provides  a general  background  of  the  ion  implantation 
technology  and  ion  implantation  damage.  The  theory  and  experimental  results  of  the 
range  distribution  of  ion  implantation  are  reviewed.  Previous  research  work  on  ion 
implantation  damage  and  recrystallization  is  presented.  A review  of  basic  optical 
properties  of  materials  and  a literature  survey  on  the  optical  characterization  of  ion 
implantation  damage  are  also  provided.  Chapter  3 describes  the  experimental 
procedures  for  preparing  ion-implanted  wafers.  The  differential  reflectometry 
technique  and  details  on  the  sample  preparation  for  transmission  electron  microscopy 
are  also  given.  Chapter  4 presents  the  experimental  results  obtained  in  the  present 
studies  and  a discussion  of  these  results.  Further,  a line  shape  analysis  of  the 
differential  reflectograms  is  introduced.  Specifically,  two  methods  are  proposed  to 
evaluate  the  thickness  of  amorphous  layers  from  differential  reflectograms. 
Comparisons  of  our  findings  with  the  current  understanding  of  ion  implantation 
damage  and  with  the  results  obtained  by  cross-sectional  transmission  electron 
microscopy  are  provided.  The  kinetic  data  for  isothermal  annealing  and  the  solid 
epitaxial  regrowth  of  amorphous  layers  are  discussed.  Chapter  5 summarizes  the 
major  conclusions  of  this  investigation. 


CHAPTER  2 

GENERAL  BACKGROUND 

Ion  implantation  for  use  in  the  semiconductor  industry  has  been  studied  for 
more  than  thirty  years.  The  pioneering  work  of  using  ion  implantation  to  change 
certain  properties  of  materials  was  done  by  Ohl  in  1952  [42].  He  implanted  helium 
into  Ge  diodes  and  observed  a reduction  of  the  reverse  leakage  current.  The  first 
patent  on  the  ion  implantation  technique  was  obtained  by  Shockley  in  1957  [43].  He 
was  the  first  one  to  find  that  annealing  is  a necessary  step  for  repairing  the  crystal 
lattice  damage  after  implantation.  Today,  ion  implantation  has  become  the  most 
important  surface  modification  technique  and  is  used  for  standard  doping.  It  has 
replaced  thermal  diffusion  for  the  fabrication  of  semiconductor  devices.  After  nearly 
forty  years  since  Ohl's  work,  research  on  ion  implantation  in  silicon  is  still  very 
active.  It  has  been  reported  that  over  3000  papers  in  this  field  were  published  from 
1983  to  1988  [44].  In  this  chapter,  the  current  understanding  on  ion  implantation 
technology  and  previous  research  work  on  the  optical  characterization  of  radiation 
damage  will  be  reviewed. 

2.1.  Range  Distribution  of  Ion  Implantation 

2.1.1.  Introduction 


In  the  process  of  ion  implantation,  energetic  ions  which  are  impacted  into  a 
target  undergo  a random  path  and  eventually  come  to  a stop  as  a result  of  losing 
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their  kinetic  energy.  Ions  of  a given  type  and  initial  energy  do  not  have  the  same 
range,  because  the  number  of  collisions  and  the  energy  transferred  per  collision  are 
random  variables.  The  final  distribution  of  these  ions  has  been  of  great  interest 
because  of  the  requirement  to  know  the  doping  profiles  in  semiconductor  devices 
with  high  accuracy. 

Theoretical  investigations  of  the  range  distribution  and  stopping  behavior  of 
energetic  ions  during  ion  implantation  has  a long  history.  The  early  works  by  Bohr, 
Bethe  and  Bloch  [45  - 49]  were  focussed  only  on  the  stopping  of  the  incident  ions  by 
collisions  with  electrons.  Bohr  calculated  the  energy  loss  per  path  length  for  heavy 
charged  particles  on  the  basis  of  collisions  between  particles  and  bound  electrons. 
Bethe  and  Bloch  evaluated  the  energy  loss  of  light  particles  through  quantum 
mechanical  consideration  based  on  Bohr's  theory.  The  breakthrough  of  the  theory 
of  range  distribution  occurred  in  1963,  when  Lindard,  Schaff,  and  Schiott  [50] 
developed  a unified  approach  to  stopping  and  range  theory  based  on  statistical 
considerations.  It  became  then  possible  to  predict  the  range  of  implanted  ions  in  a 
target.  This  remarkable  achievement  is  commonly  called  the  LSS  Theory.  In  the 
past  20  years,  theoretical  studies  were  concentrated  on  the  improvement  of 
calculating  the  stopping  and  range  distribution  by  using  numerical  techniques  and 
removing  some  approximations  used  by  early  studies  [51]. 

The  following  sections  will  briefly  introduce  the  theory  of  range  distribution 
and  energy  loss.  The  experimental  results  of  range  distribution  are  also  reviewed. 
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2.1.2.  Theory  of  Range  Distribution 

There  are  two  basic  mechanisms  in  the  process  of  ion  stopping  in 
semiconductors  [1].  The  first  mechanism  is  called  nuclear  stopping,  which  refers  to 
elastic  collisions  between  the  incoming  ions  and  the  nuclei  of  the  host  material.  In 
this  process,  the  kinetic  energy  of  the  incoming  ions  are  transferred  to  the  nuclei. 
As  a consequence,  the  projectile  ions  are  deflected.  The  second  mechanism  is  called 
electronic  stopping  which  refers  to  the  inelastic  collisions  of  ions  with  the  bound 
electrons  in  the  solid.  In  the  electronic  stopping  process,  the  energy  loss  is  due  to 
excitation  or  ionization  of  atoms  or  molecules.  The  lost  energy  is  eventually 
dissipated  as  heat. 

The  stopping  power  (Se  n)  for  electronic  and  nuclear  stopping  are  calculated 

by  [1] 

1 dE 

s,,„  ( ).  (2.1) 

N dx 

where  dE/dx  is  the  energy  loss  per  unit  path  length  and  N is  the  atomic  density  of 
the  solid.  The  elastic  nuclear  collision  of  an  implanted  ion  with  a target  nucleus  is 
mathematically  expressed  as  an  elastic  collision  between  two  hard  spheres  with  a 
screen  Coulomb  potential.  The  energy  loss  by  elastic  nuclear  interaction  is 
proportional  to  the  atomic  density  of  the  target  and  to  the  total  energy  transferred 
in  all  individual  collisions. 

The  electronic  stopping  power  or  energy  loss  is  proportional  to  the  velocity 
of  the  implanted  ion,  and  therefore  proportional  to  the  square  root  of  the  energy. 


9 


If  nuclear  and  electronic  stopping  are  independent  of  each  other,  then  the 
energy  loss  per  unit  length  path  can  be  written  as  [1,  52] 

dE 

- ( )Totai  = N [ Sn(E)  + Se(E)  ].  (2.2) 

dx 

The  range  of  an  ion  (R)  with  incident  energy  E in  an  amorphous  medium  is 
obtained  by  the  following  equation  [52], 

R R dE 

R = J dx  = f . (2.3) 

0 0 (dE/dx)Xotal 

According  to  the  LSS  theory,  the  energy  loss  is  a statistical  process,  and  the 
range  distribution  is  a Gaussian  distribution  with  a standard  deviation  to  the  first 
approximation. 

The  range  distribution  of  ions  is  expressed  as  [1] 

<f>  (x-Rp)2 

N(x)  = exp[ ] (2.4) 

(27T)1/2ARp  2ARp2 

where  </>  is  the  dose  (i.e.,  the  total  number  of  ions  per  unit  area  impinging  on  the 
surface).  The  range  and  standard  deviation  calculated  from  the  LSS  theory  are 
accurate  within  roughly  10%  [53]. 
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2.1.3.  Experimental  Investigation  of  Depth  Distribution 

The  impurity  depth  distributions  have  been  investigated  by  several 
experimental  methods  including  the  radiotracer  method  [54  - 55],  Rutherford  back- 
scattering  spectrometry  [56  - 59]  and  secondary  ion  mass  spectroscopy  [60  - 62].  The 
distribution  of  electrically  active  dopants  can  be  measured  by  a capacitance-voltage 
method  [63,  64],  Hall  effect  measurement  [65  - 67]  and  the  junction-staining  method 
[52,  68]. 

It  is  known  that  the  LSS  range  distribution  theory  considers  the  as-implanted 
state  involving  an  amorphous  substrate  and  is  based  on  the  assumption  that  there  are 
no  channeling  and  diffusion  effects.  The  range  distribution  of  implanted  As+  ions 
in  silicon  for  an  implantation  dose  of  1016  ions/cm2  measured  by  MeV  4He 
backscattering  was  found  to  be  a Gaussian  distribution  which  is  in  agreement  with 
the  theoretical  profile  [69].  Although  the  silicon  substrate  was  initially  a single 
crystal  in  this  case,  the  lattice  symmetry  has  been  destroyed  during  the  first  few 
percent  of  implantation,  particularly  for  higher  implantation  doses.  Therefore,  the 
distribution  for  higher  doses  can  be  accurately  predicted  from  the  theoretical  model 
for  an  amorphous  substrate.  The  depth  distribution  for  lower  doses  has  been  found 
not  to  be  a perfect  Gaussian  distribution,  that  is,  a "tail"  for  deeply  penetrating  ions 
has  been  observed  [70  - 73].  In  some  cases,  the  "tail"  is  even  extended  to  a further 
depth,  which  is  believed  to  be  due  to  channeling  effects.  At  lower  doses,  the  lattice 
disorder  has  not  yet  been  completed.  The  incident  ions  can  penetrate  into  the 
undamaged  lattice  and  travel  along  the  rows  of  the  lattice.  Therefore,  the  range  of 


11 


ions  can  be  several  times  greater  than  that  in  amorphous  materials.  With  increasing 
ion  doses,  more  and  more  radiation  damage  is  produced  and  channels  are  finally 
destroyed.  To  minimize  channeling  effects,  the  crystal  silicon  wafers  are  usually  tilted 
7°  from  the  <100>  direction  during  ion  implantation.  The  only  complete  and 
effective  way  to  eliminate  channeling  is  to  preamorphize  the  silicon  substrate  by 
bombardment  with  silicon  ions. 

After  a high  temperature  anneal,  the  effect  of  diffusion  has  to  be  taken  into 
account  in  the  distribution.  For  example,  the  arsenic  ion  profile  tends  toward  a 
flatter  profile  after  1000°C  annealing  [69]. 

2.2.  Ion  Implantation  Damage 

It  is  known  that  the  major  drawback  of  ion  implantation  is  the  creation  of 
radiation  damage.  Radiation  damage  includes  point  defects  such  as  Frenkel  defects 
and  vacancies,  isolated  defect  clusters,  surface  amorphous  layers  and  buried 
amorphous  layers.  The  various  types  of  radiation  damage  are  a function  of  the  ion 
implantation  conditions  such  as  ion  dose,  mass  of  the  implantation  species, 
implantation  energy,  and  target  temperature.  Without  proper  recovery  of  the 
damage,  no  practical  application  of  ion  implantation  for  doping  of  semiconductor 
devices  is  possible.  The  understanding  of  the  annealing  process  to  remove  lattice 
disorder  and  activate  the  dopant  has  made  possible  the  development  of  the  ion 
implantation  technology. 
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2.2.1.  Process  of  Ion  Implantation 

When  an  energetic  ion  is  implanted  into  a solid,  it  undergoes  a series  of 
collisions  with  electrons  and  atoms.  As  mentioned  above,  two  energy-loss 
mechanisms  are  active.  The  relative  proportion  of  these  mechanisms  depends  on  the 
energy  and  mass  of  the  accelerated  ions.  For  example,  electronic  stopping  is 
predominent  over  nuclear  stopping  when  boron  is  implanted  with  17  keV,  or  if 
arsenic  ions  are  implanted  with  800  keV  [74].  In  general,  nuclear  stopping  is 
predominant  for  heavier  ions  and  lower  implantation  energies,  while  electronic 
stopping  is  predominant  for  lighter  ions  and  higher  implantation  energies.  Many 
experiments  have  demonstrated  that  the  damage  produced  by  individual  light  and 
heavy  ions  is  different  [75  - 79]. 

Heavy  ions.  When  a heavy  ion  penetrates  into  a solid  target,  the  kinetic 
energy  is  transferred  to  a lattice  atom  in  a nuclear  collision.  As  long  as  the  energy 
transferred  exceeds  a certain  threshold  energy  Ed  called  the  displacement  energy,  the 
lattice  atom  will  be  displaced.  The  displacement  energy  is  approximately  14  eV  for 
silicon  [80],  while  the  kinetic  energy  transferred  by  a nuclear  collision  is  initially 
much  larger  than  the  displacement  energy  in  the  case  of  heavy  projectiles.  For 
example,  the  energy  given  to  a lattice  atom  is  140  eV/A  for  an  arsenic  ion  having  an 
implantation  energy  of  100  keV  [81].  Thus,  the  projectile  has  enough  kinetic  energy 
to  knock  a lattice  atom  out  of  its  site.  Many  displaced  lattice  atoms  are  produced 
by  this  first  projectile  until  it  comes  to  rest.  The  displaced  lattice  atoms  which 
possess  sufficient  kinetic  energy  become,  in  turn,  secondary  projectiles.  Thus,  they 
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can  displace  many  other  lattice  atoms  by  a recoil  process.  Eventually  a cascade  of 
displaced  atoms  is  generated.  Usually  the  cascade  is  called  an  amorphous  zone  or 
a disorder  cluster  because  the  lattice  has  lost  long  range  order.  The  damage 
produced  by  heavy  ions  is  very  severe  through  the  cascade  process.  A single  Bi+  ion 
bombardment  may  cause  an  individual  amorphous  zone  which  contains  several 
thousand  silicon  atoms  [53].  Mazey  et  al.,  [75]  directly  observed  by  TEM  a 
disordered  zone  having  a 50  A diameter  after  Ne+  bombardment  of  Si  with  a dose 
of  1013  ions/cm2.  Howe  and  his  colleagues  [77,  78]  observed  collision  cascades 
formed  in  silicon  during  1011  to  1012  ion/cm2  bombardment  involving  P+,  As+,  Bi  + 
and  Sb+  ions.  The  average  size  of  these  damaged  regions  was  from  17  A to  56  A. 
It  has  also  been  reported  that  the  size  of  an  amorphous  zone  expands  with  increasing 
ion  dose  for  Bi+  ions  [76].  For  lower  doses,  the  individual  amorphous  zones  do  not 
overlap.  As  the  dose  increases,  the  amorphous  zones  touch  each  other  and 
eventually  form  a continuous  amorphous  layer. 

Light  ions.  Light  ions  lose  their  energy  during  ion  implantation  mainly  by 
electronic  stopping.  For  example,  more  than  90%  of  the  total  energy  is  lost  by 
electronic  stopping  in  the  case  of  100  keV  B+  ions  [82].  At  the  beginning  of  light  ion 
implantation,  the  incident  ions  essentially  interact  with  the  bound  electrons  in  an 
inelastic  way.  As  a consequence  few  lattice  atoms  are  displaced.  As  the  speed  of 
these  ions  decreases,  nuclear  stopping  sets  in.  Thus,  the  displacement  of  atoms  is 
produced  near  the  end  of  the  ion  track.  The  concentration  of  defects  for  light  ions 
is  much  less  dense  than  that  of  heavy  ions.  The  resulting  defect  clusters  contain  only 
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a few  displaced  atoms  [53]. 

Damage  distribution.  The  distribution  of  radiation  damage  has  been 
calculated  by  the  energy  distribution  deposited  into  atomic  processes  [83  - 85]  and 
by  a Monte  Carlo  calculation  of  the  vacancy  concentration  [86,  87].  The  damage 
profile  has  been  found  to  have  a Gaussian  distribution  similar  to  the  concentration 
profile.  However,  the  maximum  of  the  damage  distribution  is  closer  to  the  surface, 
because  more  energy  is  required  to  create  the  lattice  disorder.  The  measured 
distribution  profile  obtained  by  backscattering  agrees  with  the  calculated  one.  This 
is  particularly  true  for  lower  implantation  doses.  However,  for  larger  doses  the 
measured  amount  of  damage  is  larger  than  that  given  by  the  calculated  profile. 

2.2.2.  Amorphization 

As  the  dose  increases,  more  and  more  amorphous  zones  or  disordered  clusters 
are  produced.  Eventually  the  top  region  of  the  surface  is  in  the  amorphous  state. 
The  minimum  dose  required  to  form  a continuous  amorphous  layer  is  called  the 
critical  dose.  The  simplest  model  to  obtain  this  value  is  given  by  [1] 

2EdN 

K = (2.5) 

(dE/dx)n 

where  <£cr  is  the  critical  dose,  Ed  is  the  displacement  energy,  dE/dx  is  the  energy 
deposited  per  unit  path  length  in  nuclear  collisions,  and  N is  the  atomic  density  of 
the  target  atoms.  This  model  assumes  that  an  amorphous  layer  is  formed  when  all 
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target  atoms  have  been  displaced.  This  model  always  underestimates  the  critical 
dose,  because  it  does  not  consider  other  effects  such  as  self-annealing  and 
recombination  of  vacancies  and  interstitials  during  ion  implantation. 

A variety  of  models  have  been  proposed  [52,  89  - 92]  to  explain  damage 
accumulation  and  eventual  amorphization.  Basically,  these  models  can  be  divided 
into  two  categories  [93]. 

1.  Heterogeneous  nucleation  model.  The  individual  damage  cluster  has  an 
amorphous  structure.  The  complete  amorphization  is  thought  to  be  a result  of  the 
accumulation  and  merging  of  many  individually  damaged  clusters.  It  is  commonly 
believed  that  the  heterogeneous  nucleation  model  explains  the  amorphization  process 
produced  by  heavy  ions  at  low  implantation  temperature. 

2.  Homogeneous  nucleation  model.  When  the  concentration  of  defects  reaches  a 
critical  value  in  a single  crystal,  the  crystal  becomes  unstable  and  falls  into  an 
amorphous  state.  This  is  believed  to  be  the  case  for  light  ions  at  high  implantation 
temperature. 

Based  on  these  two  transformation  models,  it  is  obvious  that  the  mass  of  the 
implanted  ions  and  the  implantation  temperature  are  the  most  important  factors 
which  affect  the  critical  dose.  The  critical  dose  of  light  ions  is  much  higher  than  that 
of  heavy  ions  at  the  same  implantation  temperature.  For  example,  the  critical  dose 
of  B+  ions  for  200  KeV  implantation  energy  at  room  temperature  is  about  8 x 1016 
ions/cm2  [94],  while  the  dose  required  to  form  the  amorphous  layer  for  heavy  Bi  + 
ions  is  about  5 x 1013  ions/cm2  [75]. 


16 


The  critical  dose  increases  with  increasing  implantation  temperature.  For 
example,  for  B+  ions  is  1015,  2 x 1015  and  8 x 1016  ions/cm2  for  implantation 
temperatures  of  100,  200  and  300K,  respectively  [94].  At  high  implantation 
temperatures,  the  implantation  process  becomes  more  complicated.  The  effective 
damage  is  the  result  of  damage  from  ion  impact  and  annihilation  due  to  self 
annealing.  If  the  implantation  temperature  exceeds  a certain  limit,  self-annealing 
dominates  the  process,  and  the  amorphous  state  will  not  form.  It  has  been  found 
that  self-annealing  is  more  efficient  in  regions  with  isolated  defects  than  in  regions 
with  amorphous  zones  [95].  Thus,  the  temperature  required  for  suppressing  the 
formation  of  the  amorphous  layer  for  light  ions  must  be  lower  than  that  for  heavy 
ions.  An  amorphous  layer  is  not  formed  if  the  implantation  temperature  exceeds 
370K  for  B+  ions,  while  the  upper  limit  for  amorphous  formation  is  570K  for  Bi  + 
ions  [95]. 


2.3.  Annealing  and  Recrvstallization 

The  purpose  of  the  annealing  process  after  ion  implantation  is  to  repair  the 
lattice  damage  and  to  place  the  implanted  atoms  on  substitutional  sites  where  they 
can  act  as  donors  or  acceptors  of  electrons.  If  an  amorphous  layer  is  formed  during 
implantation,  the  recrystallization  will  occur  via  a solid  phase  epitaxial  regrowth 
process.  On  the  other  hand,  partially  damaged  crystalline  silicon  recrystallizes  by  the 
generation  and  diffusion  of  point  defects. 
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2.3.1.  Solid  Phase  Epitaxial  Recrystallization 

Solid  phase  epitaxial  (SPE)  regrowth  is  a process  which  describes  the 
recrystallization  of  a formerly  amorphous  layer.  The  amorphous/crystalline  interface 
moves  from  the  interior  of  the  crystal  toward  the  surface  at  a certain  velocity.  The 
interface  velocity  can  be  expressed  by  an  Arrhenius  equation, 

v = v0exp(-Ea/KT)  (2.6) 

where  v0  is  a material  parameter  depending  on  the  crystallographic  orientation  of  the 
substrate  and  the  type  of  doping  impurities,  and  Ea  is  the  activation  energy  of  the 
process. 

The  recrystallization  process  depends  on  many  factors,  including  the  dose,  type 
of  dopant,  annealing  temperature,  crystal  orientation  of  the  substrate  and  the  solid 
solubility  limit. 

Orientation  dependence.  The  recrystallization  process  of  an  amorphous  layer 
is  particularly  simple  for  Si+  ion-implanted  (100)  silicon.  The  amorphous/crystalline 
interface  moves  to  the  surface  with  a uniform  velocity  maintaining  a relatively  sharp 
boundary.  At  550°C,  the  growth  rate  is  about  1.5  A/s  and  the  activation  energy  is 
well-defined  as  2.3  eV  [2]  which  indicates  that  the  process  involves  bond  breaking  at 
the  interface.  The  regrowth  rate  for  (100)  oriented  Si + -implanted  silicon  is  about  a 
factor  of  three  faster  than  that  for  a (110)  silicon  substrate  and  about  a factor  of  25 
faster  than  that  for  a (111)  silicon  substrate  [4].  For  (111)  oriented  silicon,  the 
regrowth  is  considered  to  be  more  complex.  The  growth  rate  is  in  this  case  nonlinear 
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with  annealing  time  and  the  amorphous/crystalline  interface  is  not  uniform.  Twins 
and  stacking  faults  are  observed  to  form  along  (111)  planes  [96,  97].  The  twins 
occupy  about  30%  to  40%  of  the  overall  volume  of  the  regrowth  layer  [98,  99]. 

Impurity  dependence.  The  solid  phase  epitaxial  regrowth  process  is  strongly 
influenced  by  the  type  of  impurity  atoms  which  are  present  in  the  matrix.  The 
recrystallization  rate  of  silicon  which  has  been  implanted  with  0.5  at.%  of  As+  is 
faster  by  a factor  of  five  over  that  when  Si+  was  used  as  the  implantation  species 

[100] .  Impurities  such  as  B,  P and  As  enhance  the  SPE  regrowth  process  [3].  The 
regrowth  rate  with  these  dopants  is  about  a factor  of  6 to  25  faster  than  without 
impurities.  On  the  other  hand,  the  regrowth  rate  is  slower  when  both  n-  and  p-type 
impurities  are  implanted  compared  to  the  case  when  only  one  type  of  dopant  is  used 

[101] .  The  impurities  O,  C,  N and  Ar  implanted  into  amorphous  layers  in 
concentrations  of  0.5  at.%  also  retard  the  growth  rate  significantly  [102]. 

Implantation  dose  dependence.  It  has  been  found  that  the  regrowth  is 
severely  reduced  if  a high  implant  dose  is  used  (exceeding  a few  atomic  percent)  [5, 
103],  The  regrowth  rate  reaches  a maximum  and  then  slows  down  at  concentrations 
close  to  or  exceeding  the  equilibrium  solubility  limit  for  impurities  in  silicon.  Three 
dose  regimes  for  the  regrowth  process  are  proposed  by  Williams  and  Shout  [6].  The 
first  regime  contains  the  dose  below  the  solid  solubility  limit.  The  impurities  are 
almost  completely  incorporated  substitutionally  into  the  lattice  sites  which  yields  a 
good  quality  epitaxial  layer  after  recrystallization.  The  second  regime  involves  the 
implant  dose  just  above  the  solid  solubility  limit.  The  epitaxial  regrowth  rate  is 
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retarded  and  the  impurities  segregate  at  the  moving  amorphous/crystalline  interface 
during  the  regrowth  process  [104,  105].  The  third  regime  results  from  a dose  well 
above  the  solid  solubility  limit.  After  annealing,  a polycrystalline  layer  is  formed  at 
the  surface.  This  is  observed  at  doses  in  excess  of  about  3 x 1015  ions/cnr  for  In+, 
Pb+  and  Bi+  implants  into  (100)  silicon  [6]. 

The  defects  created  by  ion  implantation  have  been  classified  as  primary  and 
secondary  defects  [106].  The  primary  defects  which  remain  in  the  as-implanted  state 
consist  of  an  amorphous  layer,  point  defects  and  point  defect  clusters.  The  secondary 
defects,  also  called  residual  defects,  result  from  the  annealing  of  the  primary  defects. 
They  are  mainly  composed  of  dislocation  loops  and  networks  which  require  high 
temperature  for  their  elimination.  A higher  amount  of  disorder  is  observed  when  an 
amorphous  layer  is  annealed  directly  at  850°C  or  900°C  [107].  With  low  temperature 
annealing,  solid  phase  epitaxial  regrowth  is  dominant  and  the  diffusion  process  is 
negligible.  The  recrystallized  layer  is  of  good  quality  except  for  the  transition  region. 
However,  when  the  annealing  is  directly  carried  out  at  a high  temperature,  two 
competitive  mechanisms  occur,  namely  the  solid  phase  epitaxial  regrowth  and  the 
local  diffusion  rearrangement.  This  competition  leads  to  the  formation  of  more 
secondary  defects. 

A two  stage  annealing  process  has  been  suggested  to  improve  the  crystal 
quality  and  to  decrease  the  density  of  the  secondary  defects  [108].  At  first,  the 
sample  is  annealed  at  550°C  for  1 hour  to  regrow  the  amorphous  layer  by  an  SPE 
process.  Then,  the  sample  is  annealed  at  1000°C  for  1 hour  to  reduce  the  secondary 
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defects.  As  a result,  a minimum  number  of  dislocations  has  been  observed  for  a 40 
keV  As+  implantation  using  a dose  of  1 x 1016  ions/cm2 . Similar  results  have  been 
found  for  B+  ion  implantation  into  a preamorphized  layer  after  a two  stage  annealing 
process  by  Tsaur  and  Anderson  [109],  who  observed  that  only  a few  dislocations  had 
formed  after  annealing  at  600°C  for  1 hr  and  900°C  for  10  min.  No  channeling  tail 
was  observed  in  the  implant  profile. 

2.3.2.  Annealing  of  Lattice  Disorder 

Recrystallization  of  the  partially  damaged  crystalline  silicon  region,  which 
contains  many  defects  and  clusters  after  ion  implantation,  takes  place  by  a process 
of  generation  and  diffusion  of  point  defects.  This  process  has  an  activation  energy 
of  about  5 eV  and  requires  a high  annealing  temperature  above  900°C  to  achieve  a 
complete  restoration  of  the  lattice  [110]. 

Recrystallization  of  the  lattice  disorder  can  be  characterized  by  the  electrical 
activation  of  the  implanted  ions,  because  the  activation  of  the  dopants  occurs 
simultaneously  with  recrystallization  during  annealing.  It  has  been  reported  [111] 
that  a temperature  above  900°C  is  required  to  obtain  almost  complete  activation  for 
boron-implanted  silicon.  For  partially  damaged  silicon  created  by  phosphorus 
implantation,  a high  annealing  temperature  above  800°C  is  necessary  to  achieve  a 
high  electrical  activity,  while  for  amorphized  silicon,  the  same  electrical  activity  can 
be  reached  at  a temperature  as  low  as  550°C  [112].  The  experimental  results  of  the 
electrical  activation  indicates  that  the  recrystallization  of  the  partially  damaged 
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silicon  requires  more  energy  to  restore  the  lattice  than  in  the  case  of  the 
recrystallization  of  the  amorphous  silicon. 

For  silicon  which  has  been  implanted  with  a very  low  dose,  radiation  damage 
can  be  easily  removed.  For  example,  individual  amorphous  zones  which  are 
generated  by  Bi+  ion  bombardment  have  been  found  to  anneal  out  at  about  300°C 
for  a low  dose  between  1 x 1011  to  6 x 1011  Bi+  ions/cm2  [113].  For  a low  dose  of 
Sb+  ions,  where  the  amorphous  layer  has  not  been  formed,  reordering  starts  at  260°C 
in  silicon  [114]. 

So  far,  we  have  reviewed  the  current  understanding  on  ion  implantation 
technology.  It  is  known  that  both  implanted  impurities  and  damage  profiles  have 
approximately  a Gaussian  type  distribution.  Ion  implantation  damage  and  annealing 
kinetics  of  the  implanted  silicon  strongly  depend  on  implanted  species  mass, 
implantation  energy,  implantation  temperature  and  dose.  Since  one  focus  of  our 
research  is  to  develop  a nondestructive  optical  analysis  technique  to  characterize 
damaged  structures,  the  optical  behavior  of  implanted  silicon  will  be  described  in  the 
following  section. 

2.4.  Optical  Characterization  of  Radiation  Damage 

This  section  is  devoted  to  a review  of  the  basic  optical  properties  of  materials 
and  to  the  previous  research  work  which  has  utilized  optical  techniques  to  study  ion 
implantation  damage. 
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2.4.1.  Basic  Optical  Properties  and  Interband  Transitions 

It  is  known  that  the  propagation  of  light  in  a medium  is  mathematically 
described  by  the  electromagnetic  wave  equations  (Maxwell  equations).  The  wave 
equation  for  a plane  polarized  wave  which  propagates  in  the  positive  z-direction  and 
vibrates  in  the  x-direction  is  given  as  [115]: 

c?Ex  &EX  8EX 

c2 = e + 4ircr (2.8) 

dz2  at2  a 

where  Ex  is  the  x-component  of  the  electric  field  strength,  e and  cr  are  the  dielectric 
constant  and  the  conductivity,  respectively. 

Equation  (2.8)  has  the  following  solution: 

zn 

Ex  = E0exp[io>(t )]  (2.9) 

c 

where  E0  is  the  maximum  value  of  the  electric  field  strength,  o>  = 2ttv  is  the  angular 
frequency  and  n is  the  refractive  index. 

For  the  propagation  of  light  in  an  absorbing  medium,  the  refractive  index  is 
replaced  by  a complex  refractive  index  which  consists  of  a real  and  an  imaginary  part 

ft  = n - ik  (2.10) 

where  n is  the  real  refractive  index  and  k is  the  damping  constant.  The  complex 
index  of  refraction  ft  is  also  related  to  the  complex  dielectric  constant  £,  defined  as 

£ = ex  - ie2.  (2.11) 

The  quantity  e2  is  called  the  absorption  product.  Combination  of  the  above 
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equations  yields: 

ft2  = n2  - k2  -2nik  = £ = ex  - ie2  (2.12) 

Thus,  the  real  (ex)  and  imaginary  (e2)  parts  of  the  complex  dielectric  constant  are 
connected  to  the  complex  index  of  refraction  by 
= n2  -k2,  (2.13) 

e2  = 2nk.  (2.14) 

The  optical  constants  n and  k can  be  determined  by  measurements  of  the 
reflectivity  over  a large  frequency  region  (ideally  from  u>  = 0toti>  = <»).  The  optical 
constants  are  then  obtained  by  utilizing  the  Kramers-Kronig  relations  [116, 117].  The 
dielectric  constants  as  well  as  the  optical  constants  can  also  be  measured  by 
spectroscopic  ellipsometry. 

If  the  complex  index  of  refraction  is  inserted  into  the  equation  (2.9),  the 
solution  of  the  electromagnetic  wave  equation  yields: 

uk  zn 

Ex  = E0exp[ z]exp[io(t )].  (2.15) 

c c 

This  equation  represents  a wave  traveling  in  the  positive  z-direction  of  an  absorbing 
medium  with  the  velocity  c/n  which  is  damped  by  the  term  exp(-cokz/c).  The 
intensity  of  light  in  this  medium  then  is  given  by 

2a)k 

I = E2  = I0exp( z).  (2.16) 

c 


In  other  words,  the  light  intensity  is  damped  by  exp(-2o>kz/n).  The  damping 
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coefficient  a (occasionally  called  absorption  coefficient)  is  defined  as  the  distance  at 
which  the  initial  intensity  I0  has  decreased  by  1/e,  that  is, 
a = 2<i>k/c  = 4vk/X.  (2.17) 

The  link  between  absorption  and  e2  is  given  by 


4ir 

a = e2(o).  (2.21) 

2nX 


The  reflection  of  a plane  wave  for  the  case  of  normal  incidence  is  defined  by 
the  ratio  between  the  reflected  intensity  IR  and  the  incoming  intensity  I0  of  the  light, 
which  is 

Ir 

R = . (2.18) 

Io 


It  is  also  described  as  a function  of  the  optical  constants, 


(n  - l)2  + k2 

R = . (2.19) 

(n  + l)2  + k2 


According  to  equations  (2.13),  (2.14)  and  (2.19),  the  relation  between  reflectivity  and 
the  dielectric  constants  is 


[tf  + S22  f + 1]  - [2(£j2  + £22  f + £lf 

R . (2.20) 

[(£l2  + ,22  )*  +1]  + [2(e2  + e22  f + £lf 


It  is  known  that  the  imaginary  part  of  the  dielectric  constant  e2  = 2nk  is 
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linked  to  the  electronic  band  structure  of  materials  and  particularly  to  interband 
transitions.  An  electron  interband  transition  occurs  when  an  electron  is  excited  from 
an  occupied  state  in  the  valence  band  into  an  empty  state  in  the  conduction  band. 
For  this,  a photon  must  carry  sufficient  energy  to  be  absorbed  by  this  electron. 

Figure  2.1  depicts  experimental  e2  spectra  for  crystalline  and  amorphous 
silicon.  The  interband  transition  energies  denoted  as  E^  E2  and  E3  are  3.4  eV,  4.2 
eV  and  5.6  eV,  respectively.  Based  on  the  energy  band  structure  of  silicon,  E1(  E2 
and  E3  involve  T'^  ->  T15,  X4  -»  Xj  and  L'3  -*  L,  transitions,  respectively.  It  is  seen 
that  no  defined  transitions  are  present  in  amorphous  silicon. 

In  this  study  we  used  differential  reflectometry  as  the  main  tool  to 
characterize  ion  implantation  damage.  Differential  reflectometry  belongs  to  a family 
of  modulation  spectroscopy  techniques  which  enhance  electron  interband  transitions 
from  an  essentially  featureless  background  via  the  derivative  of  the  reflectivity  with 
respect  to  an  external  parameter  [118].  It  has  been  shown  by  Enderlein  et  al.  [119] 
that  differential  reflectograms  are  related  to  e2  spectra  (See  also  equation  (2.20)). 
Therefore,  they  provide  direct  measurements  of  the  energies  which  electrons  absorb 
from  photons  when  electrons  are  raised  to  higher  energy  states.  It  has  been  shown 
that  any  external  perturbation  to  the  electron  band  structure  (caused,  for  example, 
by  lattice  imperfections  due  to  ion  implantation)  will  result  in  interband  transition 
peaks  in  a differential  reflectogram  [120].  This  characteristic  is  exploited  in  this  work 


as  shown  below. 
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Energy  (eV) 


Figure  2.1.  Experimental  e;  spectra  for  crystalline  and  amorphous  silicon.  Data  are  taken 
from  Reference  [121,142] 
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2.4.2.  Literature  Survey  on  Optical  Techniques  Used  for  the  Characterization  of 

Implantation  Damage 

Radiation  damage  has  a major  influence  on  the  optical  properties,  as  can  be 
deduced  from  Figure  2.1.  A hazy  or  milky  color  has  been  observed  to  appear  on  the 
surface  of  ion-implanted  silicon  once  a certain  dose  is  exceeded.  This  is  due  to  the 
change  in  refractive  index  or  dielectric  constant  after  ion  implantation  [74]. 

A fair  number  of  optical  techniques  have  been  employed  to  study  ion 
implantation  damage  and  its  annealing  behavior  including  reflection  spectrometry, 
ellipsometry  measurements  and  Raman  scattering. 

Reflection  measurements  on  ion-implanted  silicon  are  mainly  performed  in 
two  wavelength  regions.  One  region  comprises  the  ultraviolet  where  the  photon 
energy  is  above  3 eV.  There,  major  interband  transitions  take  place.  The  other 
region  is  the  infrared.  In  this  region,  in  which  the  semiconducting  material  becomes 
transparent,  interference  effects  between  light  reflected  from  the  top  and  the  bottom 
layers  of  an  amorphous  film  take  place. 

It  has  been  outlined  above  that  the  damaged  silicon  surface  created  by  ion 
impacting  has  an  amorphous  structure.  The  change  in  the  UV  reflectivity  has  been 
correlated  to  the  lattice  damage  in  implanted  silicon.  Suppressed  interband 
transition  peaks  in  the  reflection  spectrum  has  been  reported  in  the  cases  of  Sb+, 
Xe+,  Al+,  As+  and  P+  ion  implantation  [12  - 15].  Borghesi  et  al.  [13]  reported  that 
the  interband  transition  peaks  Ej  and  E2  are  strongly  attenuated  for  100  keV  As+- 
implanted  silicon  with  a dose  of  1014  ions/cm2  and  completely  disappears  with  a dose 
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of  1015  As+  ions/cm2.  The  peaks  reappear  for  a dose  of  1016  ions/cm2  implanted 
silicon  which  has  a buried  amorphous  layer.  The  E1  and  E2  peaks  of  the  implanted 
silicon  recover  after  laser  annealing,  but  the  Ej  peak  broadens  and  shifts  to  lower 
energies.  This  red  shift  is  believed  to  be  caused  by  the  high  concentration  of  dopant 
atoms  [122], 

The  change  in  the  optical  reflectivity  in  the  UV  region  has  been  used  to 
obtain  damage  depth  profiles  [14,  16].  The  E2  peak  has  been  observed  to  decline 
with  increasing  dose.  Damage  profiles  have  been  determined  by  a series  of 
reflectivity  measurements  at  the  E2  wavelength  combined  with  successive  surface 
removal  by  anodization  and  stripping.  These  measurements  are  simple  compared  to 
Rutherford  backscattering. 

In  the  infrared  region,  the  reflection  spectrum  of  implanted  silicon  is 
characterized  by  fringe  patterns  which  are  produced  by  interference  of  light  reflected 
on  the  front  surface  and  the  interface.  The  infrared  reflection  for  P+  and  Si+  ion 
implantation  has  been  investigated  by  Huble  and  others  [17  - 20]. 

The  refractive  indices  of  implanted  and  recrystallized  silicon,  the  amorphous 
layer  depth,  as  well  as  the  width  of  the  transition  region  were  determined  by  a 
computer  model  analysis  which  fits  the  measured  infrared  reflection  spectrum  to  the 
calculated  one. 

The  optical  infrared  reflectivity  as  compared  to  the  Drude  theory  can  provide 
information  on  the  relaxation  time  and  the  concentration  of  free  carriers.  This  has 
been  done  for  laser  annealed,  ion-implanted  silicon  [123,  124], 
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A number  of  reflectivity  measurements  at  a fixed  wavelength  have  also  been 
published  [21-23].  An  in  situ  optical  reflectivity  instrument  has  been  constructed 
[18]  to  directly  measure  solid  phase  epitaxial  crystallization  during  cw  laser  annealing 
of  ion-implanted  silicon.  This  method  utilizes  optical  interference  effects  and 
involves  reflected  light  from  the  surface  and  the  epitaxial  regrowth  plane  at  a 
wavelength  of  632.8  nm.  The  regrowth  rate  was  determined  from  the  time 
dependent  reflectivity  change. 

Silicon-on-insulator  buried  layers  have  been  investigated  by  optical 
reflectometry  using  wavelengths  between  250  nm  and  1750  nm  [125,  126].  The 
presence  of  a buried  layer  changes  the  optical  reflectance,  which  results  in  a set  of 
interference  fringes  in  the  optical  reflection  spectrum. 

Spectroscopic  ellipsometry  is  a useful  technique  for  characterizing  the  optical 
properties  of  thin  films.  Recently,  this  method  has  been  applied  to  investigate  ion- 
implanted  materials  [28  - 37].  Ellipsometry  measures  the  relative  phase  difference 
A and  the  azimuth  angle  i|r  of  a sample,  from  which  the  optical  constants,  that  is,  the 
refractive  index  n and  the  damping  constant  k,  or  the  dielectric  constants  ex  and  e2 
are  obtained. 

Vedam  et  al.  [127]  have  analyzed  measured  ellipsometric  data  from  1.5  eV  to 
4.5  eV  on  a number  of  Si + -implanted  silicon  substrates  using  the  regression  analysis 
technique.  The  results  give  information  on  the  depth  profile  of  multilayers  such  as 
the  thickness,  the  dielectric  constants  and  the  structure  of  each  layer. 

Differential  reflectometry  shares  many  advantages  with  other  optical 
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techniques.  Beyond  that,  differential  reflectometry  possesses  some  particular  features 

which  are  summarized  below: 

1.  The  differential  reflection  measurements  are  easy  to  achieve  and  are  fast.  For 
example,  the  measurement  of  one  differential  reflectogram  takes  only  about  three 
minutes. 

2.  The  instrument  is  simple  and  inexpensive  compared  to  spectroscopic  ellipsometry. 

3.  Differential  reflectometry  emphasizes  extremely  small  differences  which  would 
otherwise  be  lost  in  the  background. 

4.  The  differential  reflection  data  are  relatively  simple  to  interpret. 

5.  Differential  reflection  spectra  provide  information  on  small  changes  in  the 
electronic  structure  of  the  material.  This  information  is  deduced  from  electron 
interband  transition  peaks  which  are  situated  for  silicon  in  the  ultraviolet 
wavelength  region. 

6.  The  same  differential  reflectogram  provides  additionally  information  on  the 
thickness  of  amorphous  layers  from  interference  peaks  in  the  visible  and  near  IR 
region. 

7.  The  angle  of  incidence  is  near  normal,  which  prevents  inhomogeneous  damping 
of  the  light  beam. 

8.  No  polarizers  are  needed. 


CHAPTER  3 

EXPERIMENTAL  PROCEDURE 


3.1.  Ion  Implantation 

Most  of  the  samples  studied  in  this  work  were  implanted  with  a Varian  Model 
200-20A2F  implanter  with  a wayflow  end  station.  This  implanter  is  designed  for 
manufacturing  implanted  semiconductor  devices  at  high  doping  levels.  The  ion 
implantation  energy  can  be  adjusted  in  a range  of  5 keV  to  200  keV.  The  maximum 
scanned  beam  currents  for  nB+  and  ^As*  ions  are  shown  in  Table  3.1.  The  minimum 
beam  current  for  all  conditions  is  50  nA. 

Figure  3.1  shows  a schematic  diagram  of  a typical  implanter.  The  principle 
of  the  ion  implanter  is  described  as  follows.  A gaseous,  liquid  or  solid  substance  is 
ionized  in  an  ion  source,  then  the  ions  are  extracted  by  a 25  keV  potential.  In  order 
to  obtain  the  desired  ions,  the  ion  beam  is  separated  according  to  mass  by  employing 
a magnetic  field  analyzer.  Then  the  resulting  ion  beam  is  accelerated  and  focused 
to  the  silicon  substrate  and  is  scanned  over  the  surface  of  the  wafer  using 
electrostatic  deflection  plates.  The  implanted  dose  is  determined  by  integration  of 
the  incident  current  on  the  sample.  The  ion  source  used  for  implantation  in  this 
study  was  a gas  source.  Gaseous  substances  BF3,  AsH3  and  SiF4  are  employed  as  the 
sources  of  B+,  As+  and  Si+  ions,  respectively. 

The  wafers  which  have  been  used  for  Si+  and  As+  implantations  were  2 inch, 
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Table  3.1.  The  maximum  beam  currents  for  nB+  and  25 As*  ions 


Beam  current  ( uAl 

Energy  range  ('keV'l 

B+  As+ 

35  - 100 

135  195 

100  - 200 

195  315 

Beam  Steering 

/ 


Analyzer 

Magnet 


— Acceleration 

, Focusing  & 
Deflection 

- — End  Station  & 
Sample  Holder 


Figure  3.1.  Schematic  diagram  of  the  components  of  a typical  ion  implanter 
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p-type  silicon  with  a resistivity  in  the  range  of  8-15  Hem  and  a (100)  orientation.  For 
boron  ion  implantation,  the  wafers  were  3 inch,  n-type,  (100)  oriented  with  a 
resistivity  of  about  50-100  ilcm.  Some  silicon  wafers  for  As+  ion  implantation  had 
a (111)  orientation  as  specified  in  Section  4.4.  The  ion  doses  were  chosen  between 
1 x 1012  and  1 x 1016  ions/cm2.  The  ion  implantation  energies  were  varied  between 
60  keV  and  180  keV.  The  implantation  angle  was  7°  in  order  to  avoid  channelling. 
All  ion  implantations  were  carried  out  at  ambient  temperatures  and  below  a pressure 
of  about  1 x 10‘5  Torr.  The  irradiation  conditions  for  Si+,  B+  and  As+  ion 
implantation  with  constant  energy  are  summarized  in  Tables  3.2,  3.3  and  3.4, 
respectively.  The  beam  currents  were  kept  constant.  However,  for  small  doses  such 
as  1 x 1014  and  1 x 1013  ions/cm2,  it  is  necessary  to  lower  the  beam  current  in  order 
to  expand  the  implantation  time  to  achieve  a uniform  surface.  Table  3.5  lists  the 
conditions  for  As+  ion  implantation  which  were  obtained  by  varying  the  implantation 
energy  while  keeping  the  dose  constant. 

The  post  implantation  annealings  were  achieved  in  a horizontal  tube  furnace 
while  flowing  nitrogen  or  forming  gas  (10%  H,  90%  N2)  through  the  quartz  tube. 
Some  implanted  silicon  wafers  were  isochronally  annealed  for  1 hour  to  study  the 
recovery  of  the  implantation  damage.  The  annealing  temperature  ranged  from  400°C 
to  1 100°C.  Other  implanted  silicon  wafers  were  annealed  isothermally  to  explore  the 
solid  phase  epitaxial  regrowth  process  of  the  amorphous  layer. 
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Table  3.2  Conditions  for  Si+  ion  implantation  at  120  keV 


Dose  Cions/cm2! 

Beam  current  ( uAl 

Implantation  time  (seel 

Dose  rate!  u A/cm2! 

5 x 1015 

130 

328 

2.48 

1 x 1015 

140 

62.4 

2.67 

5 x 1014 

140 

29 

2.67 

1 x 1014 

28 

32 

0.53 

1 x 1013 

3 

27.7 

0.06 

Table  3.3  Conditions  for  As+  ion  implantation  at  120  keV 


Dose  (ions/cm2! 

Beam  current  ( uAl 

Implantation  time  (seel 

Dose  rate  ( uA/cm2! 

1 x 1016 

120 

729.6 

2.28 

5 x 1015 

135 

304 

2.57 

1 x 1015 

130 

65.8 

2.48 

5 x 1014 

120 

33 

2.28 

1 x 1014 

32 

24 

0.61 

1 x 1013 

3 

31 

0.06 
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Table  3.4  Conditions  for  B+  ion  implantation  at  100  keV 


Dose  (ions/cm2! 

Beam  current  ( uAl 

Implantation  time  (seel 

Dose  rate  ( uA/cm2! 

1 x 1016 

29 

2935 

0.55 

5 x 1015 

30 

1278 

0.57 

1 x 1015 

28 

319.6 

0.57 

5 x 1014 

28 

151.3 

0.53 

1 x 1014 

30 

28.8 

0.57 

5 x 1013 

30 

13.8 

0.57 

1 x 1013 

3.4 

25.3 

0.064 

Table  3.5  Conditions  for  As+  ion  implantation  at  a constant  dose  of  1 x 1015  ions/cm2 


Energy  (keVl  Beam  current  (pAl  Implantation  time  (seel  Dose  rate  (pA/cnr) 


60 

130 

70.4 

2.48 

80 

110 

74.8 

2.10 

100 

120 

68.7 

2.29 

120 

120 

69.2 

2.29 

140 

120 

73.0 

2.29 

160 

120 

75.3 

2.29 

180 

120 

72.4 

2.29 
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3.2.  Characterization  of  Implanted  Silicon 
3.2.1.  Differential  Reflectometrv 

The  differential  reflectometer  measures  the  normalized  difference  in 
reflectivity  between  an  unimplanted  silicon  sample  reference  and  an  implanted  silicon 
wafer  as  a function  of  wavelength. 

Figure  3.2  is  a schematic  diagram  of  the  differential  reflectometer.  The  two 
samples,  which  are  next  to  each  other,  are  mounted  on  the  sample  stage.  The  cross- 
sectional  configuration  of  the  two  samples  is  shown  in  Figure  3.3.  Unpolarized  light 
from  a monochromator  is  alternately  deflected  to  one  or  the  other  sample  by  an 
oscillating  mirror.  The  total  area  scanned  by  the  light  is  about  2x4  mm2.  The 
reflected  light  reaches  a photomultiplier  tube  which  transforms  the  optical  signal  into 
an  electronic  signal.  The  signal  is  fed  to  an  oscilloscope  for  direct  displaying  and  is 
also  electronically  processed  by  a lock-in  amplifier  and  a dividing  curcuit  to  yield 
AR/R,  where  AR  = Rx  - R2  is  the  difference  in  reflectivity  between  the  two  samples 
and  R = (Rx  + R2)/2  is  the  average  reflectivity.  The  output  light  signal  is  plotted  by 
an  X-Y  recorder.  The  scan  between  200nm  and  800nm  (photon  energy  from  1.5eV 
to  6eV)  is  accomplished  in  three  minutes.  The  sensitivity  of  the  differential 
reflectometer  is  better  than  one  one-hundredth  of  a percent.  Measurements  are 
performed  at  near  normal  incidence  at  room  temperature.  A detailed  description  of 
the  instrument  has  been  given  before  [128]. 

The  sample  preparation  is  extremely  simple.  In  practice,  a part  of  the  silicon 
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wafer  is  covered  by  a mask  during  ion  implantation.  This  yields  a reference  and  an 
implanted  sample  on  one  chip.  No  alignment  procedures  are  necessary  this  way. 

The  maximum  and  minimum  of  the  interference  peaks  in  differential 
reflectograms  can  be  located  within  a wavelength  of  5 nm  which  translates  into  a 
confidence  interval  of  ± 1 nm  for  the  thickness  of  the  amorphous  layer.  In  most 
cases  only  one  sample  per  data  point  was  involved. 


Figure  3.2.  Schematic  diagram  of  the  differential  reflectometer. 
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Figure  3.3.  Schematic  configuration  of  samples. 
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3.2.2.  Transmission  Electron  Microscopy 

In  order  to  confirm  the  results  obtained  by  differential  reflectometry,  some 
implanted  silicon  wafers  were  investigated  with  transmission  electron  microscopy.  The 
photomicrographs  provided  by  TEM  offer  explicit  confirmation  of  the  damaged 
structures  deduced  by  differential  reflectometry. 

A JEOL  200  CX  transmission  electron  microscopy  and  a JEOL  4000  FX  high- 
resolution  transmission  electron  microscopy  were  employed.  Cross-sectional  TEM 
photographs  were  taken  under  {220}  plane  reflection  in  the  bright  field  mode. 

The  cross-sectional  TEM  samples  were  thinned  using  conventional  sample 
preparation  methods  which  involved  the  following  steps:  stack  construction,  epoxy 
curing,  stack  slicing,  disc  cutting,  grinding,  dimpling  and  ion  milling.  Two  pieces  of 
a test  sample  (1  x 0.5  cm2)  were  glued  with  epoxy  face  to  face  and  mounted  between 
several  silicon  slabs  to  form  a stack.  The  stack  was  put  into  an  oven  at  a 
temperature  near  200°C  for  1 hour  in  order  to  cure  the  epoxy.  Subsequently,  the 
stack  was  sliced  into  several  cross-sectional  samples  having  a thickness  of  about  500 
|im.  They  were  then  cut  into  discs  3 mm  in  diameter  and  ground.  The  center  of  the 
XTEM  samples  had  a thickness  of  15-20  nm  after  dimpling.  Then  each  sample  was 
milled  by  bombarding  the  center  from  both  sides  with  a 5 kV  Ar+  ion  beam  applying 
a current  of  3 mA.  Eventually,  a hole  was  generated.  The  sample  is  ready  for 
examination  when  the  edge  region  of  the  hole  has  a thickness  less  than  1 um. 


CHAPTER  4 

RESULTS  AND  DISCUSSION 


4.1.  Silicon  Implantation  into  Silicon 

Silicon  ions  have  been  chosen  as  the  first  species  to  be  implanted  into  a 
silicon  target  in  order  to  eliminate  several  variables  such  as  impurity  and  size  effects 
which  arise  from  the  presence  of  foreign  implanted  atoms.  In  this  case,  any  changes 
in  the  differential  reflection  spectra  can  be  interpreted  to  stem  from  the  ion 
implantation  only. 

4.1.1.  As-implanted  Silicon 

Variation  of  implantation  energy.  Figure  4.1  shows  a series  of  differential 
reflectograms  obtained  by  implanting  Si+  ions  into  (100)  silicon  wafers  at  a constant 
dose  of  1015  ions/cm2.  The  signal  was  obtained  by  scanning  the  light  beam  of  the 
differential  reflectometer  between  an  unimplanted  wafer  and  a Si+  ion-implanted 
wafer.  The  ion  implantation  energy  was  varied  between  60  kev  and  180  kev.  Three 
main  features  are  observed: 

1.  Three  peaks  denoted  as  El5  E2  and  E3  at  photon  energy  near  3.4,  4.2  and 
5.6  keV,  respectively,  can  be  seen  in  all  curves.  They  are  known  to  be  caused  by 
specific  electron  interband  transitions  in  silicon  between  the  ^ 25  -*  Ttf,  X4  ->  Xl5  and 
L'3  ->  L,  symmetry  points  [129].  As  seen  from  calculated  energy  band  structures  for 
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Figure  4.1.  Experimental  differential  reflectograms  of  silicon  (100)  wafers  after  Si+  ion 
implantation  at  various  energies.  The  individual  curves  have  been  shifted  for 
clarity.  The  interference  jnaxima  are  marked  with  greek  letters.  The  dashed 
horizontal  lines  mark  AR/R  = 0 for  a particular  differential  reflection  curve.  The 
peaks  E,  through  E,  are  interband  transition  peaks. 
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crystalline  silicon,  interband  transitions  take  place  at  high  symmetry  points  of  the 
Brillouin  zone  as  photons  with  sufficient  energies  are  absorbed.  Therefore,  the  peaks 
Ej,  E2  and  E3  observed  in  Figure  4.1  are  directly  linked  to  interband  transitions. 

Figure  4.2  depicts  reflectivity  spectra  in  the  UV  region  for  crystalline, 
disordered,  and  amorphous  silicon.  Peaks  Ej  through  E3  are  seen  to  be  most 
pronounced  for  perfect  crystalline  silicon.  In  contrast  to  this,  they  are  broad  for 
disordered  silicon  and  disappear  completely  for  amorphous  silicon.  No  interband 
transition  peaks  are  expected  in  amorphous  materials  because  the  amorphous 
structure  has  lost  all  long-range  symmetry  and  thus  does  not  possess  any  electron 
interband  transitions.  Differential  reflectometry  measures  the  difference  in 
reflectivity  between  two  samples.  Thus,  as  long  as  there  is  a difference  in  the 
electronic  band  structure  between  a measured  and  a reference  sample,  characteristic 
peaks  are  expected  to  be  seen  in  a differential  reflectogram.  Changes  in  electronic 
band  structure  can  occur  from  alloying,  order-disorder  transformation  or  doping 
[128].  In  our  case,  the  electronic  band  structure  of  implanted  silicon  has  been 
changed  due  to  the  displacement  of  atoms  in  the  silicon  matrix  caused  by 
bombardment  with  highly  energetic  silicon  ions.  In  short,  the  presence  of  Ej,  E2  and 
E3  peaks  in  a differential  reflectogram  indicates  that  radiation-induced  damage  has 
occurred  for  all  chosen  implantation  energies. 

2.  Figure  4.1  indicates  that  peaks  Ej  through  E3  have  almost  identical  peak 
heights  for  60,  80  and  100  keV  implantation  energies,  whereas  the  peak  intensities 
for  120  keV  and  180  keV  implantations  are  smaller.  Radiation  damage  by  ion 
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Photon  Energy  (eV) 


Figure  4.2.  Reflectivity  spectra  for  crystalline  silicon,  disordered  silicon  by  implantation, 
amorphous  silicon  by  sputtering.  (Data  are  taken  from  Reference  [74].) 
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bombardment  creates  point  defects,  defect  clusters,  surface  amorphous  layers  or 
submerged  amorphous  layers.  The  severity  of  radiation  damage  depends  on  the  ion 
implantation  conditions  such  as  ion  dose,  implantation  energy,  and  target 
temperature.  Above  a critical  threshold  energy  an  amorphous  layer  created  by  ion 
implantation  is  submerged  below  an  essentially  crystalline  layer  [130].  Further,  the 
amorphous  layer  widens  with  increasing  implantation  energy  [131]  (See  the  schematic 
representation  in  Figure  4.3).  Figure  4.4  shows  cross-sectional  transmission  electron 
micrographs  for  Si+  ion-implanted  samples  which  have  been  subjected  to 
implantation  energies  of  60  keV  and  120  keV.  For  60  keV,  a surface  amorphous 
layer  is  observed,  while  for  120  keV  energy,  a submerged  amorphous  layer  is  seen. 
These  observations  suggest  that  the  heights  of  the  interband  transition  peaks  are 
linked  to  the  location  of  the  amorphous  layer,  that  is,  the  heights  of  peaks  Ex,  E2  and 
E3  indicate  whether  the  amorphous  layer  is  located  at  the  surface  or  whether  it  is 
submerged  under  an  essentially  crystalline  layer. 

The  difference  in  reflectivity  (AR/R)  of  peaks  E3  through  E3  is  largest  when 
the  reference  sample  has  a crystalline  structure  and  the  implanted  silicon  has  a 
surface  amorphous  layer.  In  the  present  case,  the  same  peak  heights  are  observed 
for  energies  up  to  100  keV.  This  indicates  that  the  amorphous  layer  is  near  the 
surface  up  to  this  energy.  However,  the  interband  transition  peak  heights  are 
expected  to  become  smaller  when  the  amorphous  layer  is  submerged  under  a 
crystalline  layer.  In  this  case,  the  signal  of  the  reflected  light  is  composed  of  the  light 
reflected  from  the  top  crystalline  layer  and  the  buried  amorphous  layer. 


Depth  of  A/x  Interfaces 
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Figure  4.3.  Schematic  representation  of  the  amorphous(A)/crystalline(%)  interfaces  as  a 
function  of  ion  implantation  energy.  The  two  vertical  dashed  lines  represent 
ion  energies  where  the  amorphous  layer  is  (a)  at  the  surface  and  (b)  submerged 
below  the  surface  beneath  a damaged  crystalline  layer. 
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Figure  4.4.  Cross-sectional  transmission  electron  micrographs  of  silicon-implanted  silicon 
wafers.  (Courtesy  of  K.  Jones) 
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The  intensity  of  the  reflected  light  is  related  to  the  mean  penetration  depth 
which  is  a function  of  the  wavelength.  The  mean  penetration  depth,  defined  as  the 
distance  at  which  the  intensity  of  the  light  wave  has  decreased  to  37%  of  its  original 
value,  is  given  by 

W = X/47rk  (4.1) 

where  k is  the  damping  coefficient. 

Figure  4.5  depicts  the  mean  penetration  depth  of  light  into  crystalline  silicon 
and  amorphous  silicon  at  wavelengths  between  200  nm  and  800  nm.  The  values  of 
k are  taken  from  the  Handbook  of  Optical  Constants  of  Solids  [132]. 

We  see  in  Figure  4.5  that  the  mean  penetration  depth  of  ultraviolet  light  (200 
-380  nm)  into  silicon  is  less  than  100  A.  The  thickness  of  the  top  crystalline  layer  is 
about  420  A for  the  120  keV  implantation  as  deduced  from  the  cross-sectional  TEM 
in  Figure  4.3.  This  means  that  the  light  is  reflected  in  this  case  mainly  from  the 
surface  crystalline  layer  in  the  UV  region.  Although  the  top  layer  has  been  damaged, 
this  layer  is  still  essentially  crystalline;  therefore  the  heights  of  the  interband 
transition  peaks  are  expected  to  be  smaller  for  a submerged  amorphous  layer  than 
for  a surface  amorphous  layer.  Smaller  peak  heights  are  indeed  observed  for  silicon 
implanted  with  120  keV  and  180  keV  silicon  ions.  This  suggests  that  samples  above 
120  keV  implantation  have  a buried  amorphous  layer.  The  threshold  energy  for 
generating  a submerged  amorphous  layer  can  be  estimated  from  Figure  4.1  to  be 


between  100  and  120  keV. 
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Figure  4.5.  Mean  penetration  depth  of  light  into  crystalline  (%)  and  amorphous  (A) 
silicon.  (The  raw  data  are  taken  from  Reference  [132]). 
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3.  The  third  feature  in  the  differential  reflectogram  depicted  in  Figure  4.1 
consists  of  the  broad  peaks  at  lower  photon  energies  labeled  by  a,  (3,  y.  These  peaks 
move  toward  larger  wavelengths  with  increasing  implantation  energies  while  new 
peaks  emerge.  They  originate  from  interference  effects  as  we  will  show  later  on:  the 
light  beams  which  have  been  reflected  from  the  top  and  from  the  bottom  of  an 
amorphous  layer  have  a different  path  length.  The  shift  of  the  interference  peaks  to 
higher  wavelengths  is  therefore  related  to  the  thickness  of  the  amorphous  layer, 
which  increases  with  increasing  implantation  energies  (See  Figure  4.3). 

Variation  of  ion  dose.  It  is  known  that  an  amorphous  layer  is  formed  if  an 
implantation  dose  above  a critical  value  is  applied  [1].  Below  this  critical  dose,  the 
surface  of  the  silicon  substrate  maintains  its  crystallinity  but  is  heavily  damaged 
(Figure  4.6).  Figure  4.7  depicts  a series  of  differential  reflectograms  obtained  for 
silicon  ion  implantation  applying  an  energy  of  120  keV  and  varying  implantation 
doses.  No  interference  peaks  are  observed  below  a dose  of  5 x 1014  ions/cm2.  The 
interference  peaks  start  to  appear  if  an  implantation  dose  > 1 x 1015  ions/cm2  is 
applied.  The  interband  transition  peaks  increase  in  height  with  increasing  dose 
indicating  that  the  amorphous  layer  successively  moves  to  the  free  surface,  as  seen 
in  Figure  4.6.  From  Figure  4.7,  it  is  deduced  that  the  critical  dose  for  amorphization 
is  between  5 x 1014  and  1 x 1015  ions/cm2,  which  is  in  agreement  with  data  found  by 
previous  investigators  who  report  a critical  dose  of  8 x 1014  ions/cm2  [133]  for  an 
implantation  energy  of  150  keV.  The  cross-sectional  transmission  electron 
micrograph  depicted  in  Figure  4.8(a)  indeed  shows  that  the  amorphous  layer  reaches 


Depth  of  A/x  Interfaces 


50 


Ion  Implantation  Dose 


X 


Figure  4.6.  Schematic  representation  of  the  amorphous(A)/crystalline(x)  interfaces  as  a 
function  of  ion  implantation  dose. 

(a) ,  crystalline 

(b) .  buried  amorphous  layer 

(c) .  surface  amorphous  layer 
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Figure  4.7.  Experimental  differential  reflectograms  of  Si*  ion-implanted  (100)  silicon 
wafers.  The  doses  have  been  varied  as  indicated  on  the  curves.  The 
interference  maxima  are  marked  with  "a". 
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the  free  surface  when  applying  a dose  of  5 x 1015  ions/cm2.  In  contrast  to  this,  the 
amorphous  layer  is  submerged  for  a dose  of  1 x 1015  ions/cm2  (Figure  4.8(b)).  No 
amorphous  layer  is  created  at  or  below  a dose  of  5 x 1014  ion/cm2  (Figure  4.8(c)). 

Interband  transition  peaks  can  still  be  identified  for  doses  as  low  as  1 x 1013 
ions/cm2  (Figure  4.7)  if  the  sensitivity  of  the  differential  reflectometer  is  increased 
by  a factor  of  10.  It  is  assumed  that  the  detection  limit  of  ion-implantation-induced 
lattice  damage  is  near  1012  ions/cm2  using  differential  reflectometry. 

4.1.2.  Annealing  of  Ion  Implanted  Silicon 

Figure  4.9  depicts  a series  of  differential  reflectograms  which  were  obtained 
for  Si + -implanted  silicon  after  isochronal  annealing  for  1 hour  at  various 
temperatures  (E  = 120  keV,  </>  = dose  of  5 x 1015  cm"2).  It  is  observed  that  the 
interference  peaks  marked  "a"  move  to  smaller  wavelengths  with  increasing  annealing 
temperatures.  This  is  interpreted  to  indicate  that  the  amorphous  layers  become 
progressively  thinner,  as  model  calculations  (see  next  section)  show.  It  is  known  that 
annealing  of  an  amorphous  layer,  created  by  ion  implantation,  undergoes  a solid 
phase  epitaxial  regrowth  process.  In  other  words,  the  amorphous/crystalline  interface 
moves  progressively  through  the  amorphous  region  toward  the  free  surface.  As  a 
consequence,  the  thickness  of  the  amorphous  layer  is  reduced.  The  shift  of  the 
interference  peak  a to  the  right  with  increasing  temperature  confirms,  therefore,  the 
steady  reduction  of  the  thickness  of  the  amorphous  layer. 


Si+  - Si 


E = 120  keV 
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(a) 


(b) 


(c) 
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Figure  4.8.  Cross-sectional  transmission  electron  micrographs  of  120  keV  silicon-implanted 
silicon  wafers. 

(a) .  Dose  <t>  = 5 x 1015  ions/cm2 

(b) .  Dose  <t>  = 1 x 1015  ions/cm2 

(c) .  Dose  4>  = 5 x 1014  ions/cm2 
(Compare  to  Figure  4.6) 
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Figure  4.9.  Experimental  differential  reflectograms  for  Si*  ion-implanted  (100)  silicon 
wafers  after  isochronal  annealing  for  one  hour  in  N,  atmosphere. 
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Another  piece  of  information  about  the  annealing  process  can  be  obtained  by 
studying  the  behavior  of  the  interband  transition  peaks  Ex  through  E3  in  Figure  4.9. 
The  heights  of  these  peaks  are  observed  to  stay  constant  up  to  an  annealing 
temperature  of  about  500°C,  which  indicates  that  the  surface  remains  amorphous  up 
to  this  temperature.  This  observation  supports  the  statement  above  that 
recrystallization  commences  from  the  deep  side  of  the  amorphous  layer.  For 
annealing  temperatures  above  500°C,  the  peaks  E3  through  E3  decrease  in  height, 
concomitantly,  the  interference  peaks  disappear.  This  is  interpreted  to  indicate  that 
either  the  surface  is  now  crystalline  but  has  some  residual  defects  or  a thin 
amorphous  layer  remains  on  the  surface.  The  recrystallization  of  the  amorphous 
layer  seems  to  be  essentially  completed  at  an  annealing  temperature  of  550°C,  which 
is  in  agreement  with  previous  work  [96].  However,  the  interband  transition  peaks  are 
still  visible  after  annealing  at  550°C  for  1 hour.  This  is  interpreted  to  indicate  that 
some  defects  or  a thin  amorphous  layer  still  remain  near  the  free  surface. 

It  should  be  pointed  out  that  self-annealing  may  have  occurred  during 
implantation,  that  is,  a higher  dose  ion  implantation  possibly  does  not  create  a 
completely  amorphized  layer.  This  is  confirmed  by  inspecting  Figure  4.8(a)  which 
shows  a mixed  amorphous  and  crystalline  region  near  the  surface.  At  higher 
annealing  temperatures,  the  recrystallization  process  also  occurs  in  this  top  region  [8]. 
However,  the  regrowth  is  much  slower  compared  to  the  deep  side  of  the  amorphous 
layer.  Therefore,  the  two  crystallization  fronts  meet  near  the  surface.  Due  to  the 
mismatch  between  these  two  lattices  some  defects  are  retained  near  the  surface. 
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Figure  4.10  shows  a cross-sectional  TEM  of  implanted  silicon  ($  = 5 x 1015  ions/cm2) 
which  was  annealed  for  1 hour  at  550°C.  Defects  near  the  surface  can  be  seen. 

For  temperatures  higher  than  600°C,  the  interband  transition  peaks  in  Figure 
4.9  become  smaller  and  smaller,  indicating  that  the  amorphous  layer  has  been 
recrystallized  more  completely  and  uniformly. 

Si+  Si 

cf)  = 5 x 1015  ions/cm2 
E = 120  keV 

Annealing  at  550°C  for  1 hour 


0.1 yum 


Figure  4.10.  Cross-sectional  transmission  electron  micrograph  for  Si+-implanted  silicon. 

Dose  = 5 x 1015  ions/cm2.  Annealing  was  carried  out  at  550°C  for  1 hour. 
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4.2  Calculation  of  the  Differential  Reflectograms 

The  previous  section  has  demonstrated  that  differential  reflectometry  can  be 
conveniently  used  to  identify  whether  an  implanted  silicon  layer  is  crystalline, 
damaged  crystalline,  or  amorphous.  The  strength  of  electron  interband  transition 
peaks  mainly  reveals  the  presence  and  degree  of  ion  implantation  damage.  From 
interference  peaks,  the  thickness  of  amorphous  layers  can  be  deduced.  Combining 
both  features  reveals  whether  an  amorphous  layer  is  submerged  or  on  the  surface. 
This  section  will  introduce  calculated  differential  reflectograms  as  well  as  methods 
to  obtain  the  thicknesses  of  amorphous  layers  from  measured  reflectograms. 

4.2.1.  Calculated  Differential  Reflectograms 

In  order  to  evaluate  the  experimental  differential  reflectograms  in  a 
quantitative  manner,  differential  reflectograms  have  been  calculated  by  using  a model 
as  shown  in  Figure  4.11.  For  this  it  is  assumed  that  the  implanted  silicon  has  a 
homogenous  surface  amorphous  layer  on  the  crystalline  silicon  substrate  and  that  the 
reference  silicon  has  a crystalline  structure  throughout.  The  light  falls  at  normal 
incidence  on  the  implanted  silicon  and  reference  silicon,  respectively.  The 
normalized  difference  in  reflectivity  is  defined  by  the  equation 
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Figure  4.11.  Schematic  diagram  of  a differential  reflectance  model.  (The  incident  and 
reflected  beams  are  shown  under  an  angle  for  clarity. 


59 


Based  on  the  classical  electromagnetic  wave  theory  described  by  Heavens 
[134],  the  differential  reflectvity  between  implanted  and  unimplanted  silicon  is  given 
by 

AR  2(1  r01l 2 - 1 r01  + r12exp(-2i5)/l  + r10r12exp(-2i5)l 2 

— = (43) 

R (I  r01l 2 + 1 r01  + r12exp(-2i5)/l  + r10r12exp(-2i5)l 2 

where  5 is  the  phase  shift  of  the  light  reflected  at  the  amorphous/crystalline 
interface.  It  is  defined  as 

2 TT 

8 = nad  (4.4) 

X 

where  d is  the  thickness  of  the  amorphous  layer  and  na  is  the  complex  refractive 
index  of  the  amorphous  layer.  r01  and  r12  are  the  Fresnel  reflection  coefficients  which 
are  a function  of  the  optical  constants.  A detailed  derivation  of  equation  (4.3)  is 
given  in  Appendix  A. 

Figure  4.12  depicts  a series  of  calculated  differential  reflectograms  in  the 
wavelength  range  from  200nm  to  800nm  as  calculated  using  equation  (4.3).  The 
optical  constants  n and  k for  crystalline  and  amorphous  silicon  have  been  taken  from 
the  Handbook  of  Optical  Constants  of  Solids  [132].  The  thickness  of  the  amorphous 
layer  has  been  used  as  a variable  varying  from  1 nm  to  180  nm.  The  calculated 
differential  reflectograms  show  the  same  features  as  the  experimental  ones.  Three 
maxima  which  are  known  as  electron  interband  transition  peaks  (Ej,  E2  and  E3) 
appear  in  the  wavelength  region  between  200nm  and  400nm.  The  heights  of  these 
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Figure  4.12.  Calculated  differential  reflectograms  comparing  crystalline  silicon  with 
amorphous  silicon  of  various  thicknesses  on  silicon.  (Optical  constants  for 
amorphous  and  crystalline  silicon  have  been  taken  from  the  literature  [129].  The 

peaks  marked  by  "o",  "a"  and  ”/3"  represent  first,  second  and  third  orders, 
respectively. 
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peaks  remain  constant  if  the  amorphous  layer  has  thicknesses  above  about  20nm. 
This  indicates  that  amorphous  layers  which  are  thicker  than  20nm  have  identical 
reflected  intensities  for  wavelengths  less  than  400nm.  In  other  words,  the  underlying 
crystalline  silicon  does  not  noticeably  contribute  in  the  UV  region  to  the  reflected 
light  if  the  thickness  of  the  amorphous  layer  is  larger  than  20nm. 

For  wavelengths  above  400nm  large  changes  in  the  differential  reflectivity  are 
observed  because  amorphous  silicon  is  transparent  here  for  the  impinging  light.  The 
observed  maxima  and  minima  are  caused  by  interference  of  the  reflected  light  beams. 
The  interference  maxima  marked  by  o,  a and  B move  to  higher  wavelengths  with 
increasing  thickness  of  the  amorphous  layer.  Further,  higher  order  maxima  and 
minima  appear  with  increasing  thickness.  If  one  compares  the  locations  of 
experimental  interference  peaks  with  those  in  a calculated  differential  reflectogram, 
the  amorphous  layer  thickness  can  be  determined.  For  example,  the  position  of  the 
interference  peak  "a"  in  Figure  4.1  is  located  near  a wavelength  of  600  nm.  By 
comparison  with  calculated  differential  reflectograms,  as  shown  in  Figure  4.12  or 
Figure  4.13,  an  amorphous  layer  with  a thickness  between  120  nm  and  130  nm  is 
obtained.  This  agrees  quite  well  with  the  information  obtained  from  cross-sectional 
transmission  electron  micrographs  (about  llOnm)  as  seen  in  Figure  4.4.  Possible 
reasons  for  the  small  discrepancy  will  be  discussed  in  a later  section. 

It  is  noted  in  Figure  4.12  that  the  interference  peaks  are  less  pronounced 
when  the  amorphous  layer  has  a thickness  of  less  than  lOnm.  For  thicknesses  less 
than  lOnm,  however,  a significant  decrease  in  the  signal  strength  of  the  electron 
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Figure  4.13.  Comparison  of  an  experimental  differential  reflectogram  for  60  keV  Si+- 
implanted  silicon  (top)  and  two  calculated  differential  reflectograms  for  an 
amorphous  silicon  layer  having  a thickness  of  120  nm  and  140  nm  (bottom).  The 
reference  in  both  cases  is  crystalline  silicon. 
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interband  transition  peaks  is  seen.  This  effect  is  exploited  for  measurements  on 
amorphous  layers  with  a thickness  below  10  nm,  which  allows  a continuous 
determination  of  thickness  values  down  to  about  1 nm  from  experimental  differential 
reflectograms.  Details  are  seen  in  Figure  4.14  in  which  a plot  of  the  intensities  of 
the  interband  transition  peaks  as  a function  of  thicknesses  of  the  amorphous  layers 
is  shown.  A linear  increase  in  signal  strength  up  to  about  lOnm  can  be  seen. 

4.2.2.  Evaluation  of  the  Amorphous  Layer  Thickness 

It  is  known  that  interference  peaks  are  caused  by  the  optical  path  difference 
between  the  surface  and  the  bottom  of  the  amorphous  layer.  The  maxima  or  minima 
of  the  interference  peaks  will  appear  in  differential  reflectograms  as  long  as  an 
amorphous  layer  exists.  The  thickness  of  the  amorphous  layer  can  be  deduced  from 
the  wavelengths  of  the  maxima  and  minima  of  the  peaks.  This  has  been 
demonstrated  above. 

Figure  4.15  depicts  the  thickness  of  amorphous  silicon  layers  as  a function  of 
the  wavelength  of  interference  maxima  and  minima.  The  data  are  taken  from 
calculated  differential  reflectograms.  The  curves  represent  different  orders  of 
interference  as  indicated  on  the  curves.  A given  order  is  observed  in  a limited 
wavelength  range  only.  The  first  order  minimum,  for  example,  appears  for  an 
amorphous  layer  which  has  a thickness  between  5 and  40  nm.  The  thickness  values 
for  amorphous  silicon  as  a function  of  wavelength  of  the  maxima  and  minima  has 
been  tabulated  in  the  wavelength  range  between  400  and  900  nm  with  a wavelength 
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Figure  4.14.  Calculated  signal  strengths  of  the  electron  interband  transition  peaks  as  a 
function  of  the  thickness  of  an  amorphous  layer.  Two  types  of  evaluations  can 
be  used: 

(a) .  Peak  height  at  Ej  above  zero. 

(b) .  Difference  between  the  intensity  at  E,  and  the  intensity  at  the  minimum 
between  Ej  and  E3. 
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Figure  4.15.  Thickness  values  of  amorphous  silicon  layers  as  a function  of  the  wavelengths  of 
interference  maxima  and  minima.  The  curves  represent  various  orders  of 
interference  as  indicated  by  the  numbers  in  parenthesis.  The  data  have  been 
deduced  from  calculated  differential  reflectograms  (Figure  4.12). 
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interval  of  1 nm  (See  Appendix  B).  This  database  can  be  used  to  evaluate  the 
thickness  of  the  amorphous  layer  from  interference  maxima  and  minima. 

An  alternative  method  to  obtain  the  thickness  of  amorphous  layers  utilizes 
directly  the  interference  equations,  as  described  below.  The  thickness  of  a thin  film 
with  index  of  refraction  n and  phase  shift  180°  for  near-normal  incidence  of  the  light 
is  given  by  [135] 

2d  = ( m + 1/2  )kn  m = 0,  1,  2,  ....  (maxima)  (4.5) 

2d  = mXn,  m = 0,  1,  2,  ....  (minima)  (4.6) 

where  Xn  is  the  wavelength  in  the  medium  and  is  defined  as 

K = X/n.  (4.7) 

For  the  absorbing  medium,  the  phase  shift  is  not  a constant  but  a function  of 
the  refractive  index.  Therefore,  the  above  equations  need  to  be  modified  as 

2d  = (m  + 8/2v)kn  m = 1,  2,  3,...  (maxima)  (4.8) 

2d  = [(2m-l)/2  + 5/27r]An,  m = 1,  2,  3,....  (minima)  (4.9) 
where  5 is  the  phase  shift  which  is  given  as 

2(kynx  - My) 

8* y = tg"1 . (4.10) 

nx2  - V + kx2  - k/ 
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(‘My  + Mx) 

5txy  = tg-i (4.H) 

nx2-ny2  + kx2-ky2 

A detailed  derivation  of  equations  (4.10)  and  (4.11)  is  given  in  Appendix  C.  (8^  and 
8^  are  defined  as  shown  in  Figure  4.16a).  The  total  phase  shift  ST  between  two 
reflected  beams  for  the  structure  shown  in  Figure  4.16a  is  given  by 

5t  = 5t01  - 8r01  + 5r12  + 8t10  (4.12) 

where  8t01  and  5r01  represent  the  phase  shifts  for  the  light  transmitted  and  reflected 
at  the  surface  of  the  amorphous  layer,  respectively,  5r12  is  the  phase  shift  for  the  light 
reflected  from  the  interface  between  the  amorphous  layer  and  the  crystalline 
substrate  and  5t10  is  the  phase  shift  when  the  light  passes  through  the  top  surface  of 
the  amorphous  layer. 

A set  of  curves  calculated  from  equations  (4.8)  and  (4.9)  is  shown  in  Figure 
4.17.  It  is  seen  that  these  curves  are  similar  to  those  of  Figure  4.15.  A comparison 
between  these  two  sets  of  curves  is  depicted  in  Figure  4.18.  It  is  noted  that  the  two 
methods  provide  results  which  are  in  good  agreement  in  the  wavelength  range  of 
relevance  for  our  evaluations.  The  small  discrepancy  in  the  lower  wavelength  range 
will  be  discussed  now.  Figure  4.19  depicts  the  calculated  spectral  reflectivity  of 
crystalline  silicon  and  that  of  amorphous  silicon  on  crystalline  silicon  (top).  Further, 
a differential  reflectogram  calculated  from  these  two  reflectivities  is  shown.  The 
maxima  and  minima  in  the  differential  reflectogram  are  seen  to  be  enhanced  due  to 
the  difference-forming  procedure.  It  is  noted  that  in  the  lower  wavelength  region  the 


68 


Figure  4.16.  Schematic  diagrams  of  (a)  a single  amorphous  layer  model  with  the  refractive 
indices  n^  n,  and  n2,  and  (b)  phase  shifts  coordinates. 
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Figure  4.17.  Calculated  thickness  values  for  silicon  surface  amorphous  layers  determined 
from  equations  (4.8)  and  (4.9). 
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Figure  4.18.  Comparison  of  thickness  values  for  amorphous  layers  obtained  by  two 
different  methods.  The  solid  lines  represent  data  calculated  from  equations 
(4.8)  and  (4.9).  The  open  circles  represent  data  from  calculated  differential 
reflectograms. 

(a) ,  maximum  orders. 

(b) .  minimum  orders. 
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Figure  4.18-continued 
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Figure  4.19.  Calculated  spectral  reflectivities  for  crystalline  silicon  and  silicon  with  a surface 
amorphous  layer  (top).  Also  shown  is  the  calculated  difference  between  these 
two  curves  (bottom).  The  thickness  of  the  amorphous  layer  was  taken  as  140 
nm. 
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minima  on  the  differential  reflectogram  are  not  located  precisely  at  the  same 
wavelength  as  the  maxima  in  the  spectral  reflectivity.  This  is  caused  by  the  presence 
of  the  interband  transition  peaks  whose  influence  on  the  interference  peaks  is  most 
noticeable  for  low  wavelength. 

Figure  4.20  depicts  thickness  values  of  amorphous  layers  as  a function  of  the 
wavelength  of  interference  maxima  and  minima  calculated  with  and  without  phase 
shift  (Equations  4.8,  4.9,  4.5  and  4.6).  It  is  seen  that  the  thickness  values  differ  by 
about  9 nm. 

The  methods  which  can  be  utilized  to  obtain  the  thickness  of  the  amorphous 
layer  from  the  measured  differential  reflectograms  have  been  introduced  in  this 
section.  The  evaluation  method  from  the  calculated  differential  reflectograms  seems 
to  be  more  practical  compared  to  the  others.  This  is  because  it  considers  the 
difference  in  reflectivity  which  is  consistent  with  our  measurements  and  also  takes 
into  account  both  optical  constants  n and  k.  Therefore  we  have  used  this  method  in 
our  studies  (See  below). 
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Figure  4.20.  Thickness  of  amorphous  layers  as  a function  of  the  wavelength  of 
interference  peaks  with  and  without  phase  shift.  The  open  circles  represent  no 
shift.  The  solid  lines  represent  data  in  which  a phase  shift  was  taken  into 
consideration,  (a)  Maximum  orders,  (b)  Minimum  orders. 
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Figure  4.20-continued 
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4.3.  Arsenic  Ion  Implantation  into  Silicon 
4.3.1.  Variation  of  Implantation  Energy 

Figure  4.21  depicts  a series  of  experimental  differential  reflectograms  obtained 
after  implanting  As+  ions  with  different  implantation  energies  between  60  keV  and 
180  keV  into  a p-type  (100)  silicon  substrate  employing  a constant  dose  of  1015 
ions/cm2.  It  is  observed  that  the  interband  transition  peaks  (Ej  through  E3)  remain 
at  constant  height,  which  suggests  that  the  amorphous  layer  stays  on  the  surface  for 
all  chosen  ion  energies.  This  result  is  expected  by  knowing  that  heavy  ions  encounter 
a relatively  large  fraction  of  nuclear  stopping  at  the  surface  when  they  are  injected 
into  a silicon  substrate  [74,  81].  As  a result,  a large  number  of  silicon  atoms  are 
displaced  at  the  surface. 

The  interference  peaks,  a,  fi...,  are  observed  in  Figure  4.21  to  move  to  the  left 
with  increasing  implantation  energies,  indicating  an  increase  in  the  thickness  of  the 
amorphous  layer.  Figure  4.22  depicts  the  depth  of  the  amorphous/crystalline 
interface  as  a function  of  implantation  energy.  The  thickness  of  the  amorphous  layer 
was  obtained  from  the  maxima  and  minima  of  the  interference  peaks  as  shown  in 
Section  4.2.  The  thickness  of  the  amorphous  layer  is  seen  to  increase  with  increasing 
implantation  energy  in  agreement  with  Figure  4.3.  A critical  implantation  energy, 
which  separates  the  surface  and  buried  amorphous  layer,  is  not  observed  in  Figure 
4.22,  because  the  implantation  energy  was  not  high  enough  for  this  in  the  present 


case. 


77 


800  600  400  200  \(nm) 

— J 1 1 i i i 

1.5  2 3 4 5 6 E (eV) 


Figure  4.21.  Experimental  differential  reflectograms  of  arsenic-implanted  (100)  silicon 
wafers  applying  various  implantation  energies.  The  implantation  energies  are 
given  on  each  curve.  The  positions  of  the  interference  maxima  are  marked 
with  greek  letters. 
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Figure  4.22.  Depth  of  the  amorphous/crystalline  interface  as  a function  of  the 
implantation  energy.  The  depth  is  deduced  from  interference  peaks  in  the 
experimental  differential  reflectograms  of  Figure  4.2.  The  closed  circles 
represent  thickness  values  as  obtained  by  cross-sectional  transmission  electron 
micrographs  as  shown  in  Figure  4.23. 
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Cross-sectional  TEM  micrographs  of  three  As + -implanted  silicon  samples 
employing  60,  120  and  180  keV  implantation  energies  have  been  prepared  as  shown 
in  Figure  4.23.  It  is  seen  that  the  amorphous  layer  stays  always  at  the  surface  and 
that  the  thickness  of  the  amorphous  layer  grows  steadily  with  increasing  implantation 
energy.  The  agreement  between  optical  and  XTEM  results  is  within  5%  as  seen  in 
Figure  4.22. 

The  threshold  damage  density  (TDD)  is  a concept  which  describes  the  amount 
of  energy  deposited  into  nuclear  collisions  required  for  amorphous  layer  formation. 
The  threshold  damage  density  was  obtained  by  comparing  the  depth  of  the 
amorphous/crystalline  interface  measured  by  differential  reflectometry  and  XTEM 
with  the  damage  density  distribution  curve  calculated  from  a Monte  Carlo  type 
simulation  (TRIM'90)  (See  Figure  4.24).  A relatively  constant  threshold  damage 
density  of  ~ 1.5  x 1020  keV/cm3  is  found. 

4.3.2.  Variation  of  Implantation  Dose 

Figure  4.25  depicts  a series  of  differential  reflectograms  obtained  by  varying 
the  implantation  dose  between  1 x 1013  and  5 x 1015  ions/cm2  while  holding  the 
implantation  energy  constant  at  120  keV.  The  interband  transition  peak  heights  stay 
constant  between  5 x 1014  and  5 x 1015  ions/cm2,  indicating  that  the  amorphous  layer 
remains  at  the  surface  up  to  5 x 1014  ions/cm2.  Below  a dose  of  1014  ions/cm2,  the 
interference  peaks  have  disappeared  from  the  differential  reflectograms,  suggesting 
that  no  surface  amorphous  layer  is  formed  under  these  implantation  conditions.  The 
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Figure  4.23.  Cross-sectional  transmission  electron  micrographs  for  arsenic-implanted  silicon 
with  various  implantation  energies  employing  a dose  of  1 x 1015  ions/cm2. 
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Figure  4.24.  Threshold  damage  density  versus  implantation  energy. 
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Figure  4.25.  Experimental  differential  reflectograms  of  arsenic-implanted  silicon  wafers  at 
various  implantation  doses. 
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smaller  interband  transition  peak  heights  for  these  low  doses  suggest  that  the 
crystalline  matrix  still  contains  a substantial  quantity  of  lattice  defects.  (See  Figure 
4.6).  The  critical  dose  for  amorphization  is  seen  to  be  between  5 x 1014  and  1 x 1014 
ions/cm2.  Figure  4.26  shows  XTEM  micrographs  pertinent  to  the  As+-implanted 
silicon.  A region  with  a large  amount  of  displaced  atoms  is  indeed  observed  under 
the  surface  for  the  sample  with  a dose  of  1 x 1014  ions/cm2. 

The  thicknesses  of  the  amorphous  layers  for  doses  of  1 x 1016,  5 x 1015,  1 x 1015 
and  5 x 1014  ions/cm2  have  been  calculated  from  the  interference  peaks  to  be  about 
156,  163,  161  and  147  nm,  respectively.  The  threshold  damage  densities  for  this 
series  of  samples  have  been  deduced  by  correlating  the  depth  of  the 
amorphous/crystalline  interface  with  the  calculated  damage  density  distribution 
(Figure  4.27).  The  threshold  damage  density  increases  with  increasing  implantation 
dose.  It  has  been  reported  [130]  that  significant  wafer  heating  and  ion-beam-induced 
crystallization  of  the  amorphous  layer  occurs  for  implantations  that  employ  a 
Wayflow  end  station  without  an  external  cooling  system.  As  a result,  the  threshold 
damage  density  versus  dose  behavior  can  vary  over  orders  of  magnitude  [140], 
Therefore,  the  observed  dose  dependence  of  the  threshold  damage  density  is 
explained  as  a dynamic  annealing  effect  which  is  due  to  wafer  heating  and  ion-beam- 
induced  crystallization.  If  the  wafer  heating  is  suppressed  and  no  ion-beam-induced 
crystallization  takes  place,  then  there  will  be  a unique  threshold  damage  density  and 
the  depth  of  the  amorphous/crystalline  interface  should  have  a linear  relationship 
with  implantation  dose.  (See  Figure  4.28).  (This  single  threshold  damage  density  is 


84 


As+  ->  Si 


E = 120  keV 


A 155 


nm 


1 x 1016  ions/cm2 


nm 


5 x 1015  ions/cm2 


A 150  nm 


1 x 1015  ions/cm2 


1 x 1014  ions/cm2 


0.1 /xm 


Figure  4.26.  Cross-sectional  transmission  electron  micrographs  for  arsenic-implanted 
silicon  employing  various  doses. 
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Figure  4.27.  Threshold  damage  density  versus  implantation  dose. 
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Figure  4.28.  Dose  dependence  of  the  depth  of  the  amorphous/crystalline  interface. 
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about  ~ 7.7  x 1019  keV/cm3.)  However,  a definite  decline  of  the  depth  of  the  A/x 
interface  versus  dose  is  observed  instead  of  a linear  function,  which  indicates  that 
dynamic  annealing  indeed  occurs  for  higher  dose  implantation. 

It  is  noted  that  the  dose  dependence  of  the  threshold  damage  density  is 
different  from  the  implantation  energy  dependence  (compare  Figure  4.24  with  Figure 
4.27).  This  can  be  explained  by  knowing  that  the  power  input  by  the  ion  beam  is 
changed  by  a factor  of  only  ~ 3 as  the  implantation  energy  is  increased  from  60  to 
180  keV  compared  to  a factor  of  20  as  the  dose  is  increased  from  5 x 1014  to  1 x 1016 
ions/cm2.  Therefore,  it  is  concluded  that  the  wafer  heating  does  not  depend  much 
on  ion  energy.  Our  results  on  As + -implanted  silicon  employing  a Wayflow  end 
station  are  in  agreement  with  the  results  on  Ge+ -implanted  silicon  employing  an  end 
station  with  water  cooling  [146] 

4.3.3.  Isochronal  Annealing 

Figure  4.29  depicts  three  sets  of  differential  reflectograms  employing  120  keV 
arsenic  ion-implanted  silicon  wafers  and  various  doses  (as  indicated  in  the  figure 
captions)  after  annealing  at  different  temperatures  for  1 hr.  The  interference  peaks 
are  seen  to  move  to  smaller  wavelengths  with  increasing  annealing  temperature, 
suggesting  that  the  amorphous  area  becomes  thinner  for  higher  annealing 
temperatures.  As  mentioned  above,  the  decrease  in  the  thickness  of  the  amorphous 
layer  is  caused  by  a solid  phase  epitaxial  regrowth  process. 

Table  4.1  lists  thickness  values  of  the  as-implanted  silicon  samples  as  well  as 
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(a) 


Figure  4.29.  Experimental  differential  reflectograms  for  A s+  ion-implanted  (100)  silicon 
wafers  employing  various  doses.  Isochronal  annealing  for  one  hour  in  N, 
atmosphere. 

(a) .  5 x 1015  ions/cm2 

(b) .  1 x 1015  ions/cm2 

(c) .  5 x 1014  ions/cm2 
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Figure  4.29-continued 
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Figure  4.29--continued 
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Table  4.1. 
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Thickness  of  amorphous  layers  for  arsenic  implantation  with  various  doses 
before  and  after  annealing  at  500°C  for  1 hour. 


Dose  Hons/cm2)  hh  fnm-) 
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Figure  4.30.  Thickness  of  the  regrown  layer  as  a function  of  the  implantation  dose. 
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the  change  of  the  amorphous  layer  thickness  after  annealing  at  500°C  for  1 hour. 
Figure  4.30  displays  the  content  of  Table  4.1  in  graphic  form.  It  is  observed  that  the 
regrowth  rate  is  faster  if  the  dose  is  larger.  It  is  known  that  the  regrowth  rate  is  a 
function  of  the  dopant  concentration  [95].  Our  results  are  in  agreement  with  this 
observation. 

It  is  further  observed  in  Figure  4.29  that  after  annealing  at  550°C  for  lhr,  the 
interband  transition  peaks  have  almost  disappeared  for  the  samples  which  have  been 
implanted  using  doses  of  1 x 1015  and  5 x 1014  ions/cm2.  This  means  that  the 
amorphous  layer  has  now  recovered  into  a crystalline  state.  However,  the  peaks  still 
remain  if  a dose  of  5 x 1015  ions/cm2  is  utilized.  In  short,  a higher  temperature  or 
a longer  annealing  time  is  required  to  complete  the  crystallization  for  higher  dose 
implantations. 
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4.4.  Solid  Phase  Epitaxial  Regrowth 

It  is  known  that  ion-implanted  amorphous  silicon  undergoes  a solid  phase 
epitaxial  regrowth  process  during  furnace  annealing  at  temperatures  around  550°C 
[96].  Most  previous  studies  on  epitaxial  regrowth  of  ion-implanted  amorphous  layers 
have  been  carried  out  by  using  Rutherford  back-scattering  channeling  measurements 
(RBS)  employing  1-5  MeV  4He  ions.  The  previous  sections  have  demonstrated  that 
differential  reflectometry  can  be  used  to  investigate  the  annealing  behavior  of 
implanted  silicon  and  to  evaluate  the  thickness  of  an  amorphous  layer  in  a much 
faster  way.  This  makes  it  possible  to  conduct  an  in-depth  investigation  of  the 
regrowth  kinetics  during  isothermal  annealing. 

4.4.1.  Observations  on  Solid  Phase  Epitaxial  Regrowth 

Figure  4.31  depicts  a series  of  differential  reflectograms  obtained  for  120  keV 
As+-implanted  silicon  involving  a dose  of  1 x 1015  ions/cm2  and  subsequent 
isothermal  annealing  at  480°C.  The  differential  reflectograms  for  the  as-implanted 
specimen  have  the  above  discussed  features  such  as  interference  and  interband 
transition  peaks  which  are  characteristic  for  an  amorphous  silicon  layer  on  a single 
crystalline  substrate.  It  is  further  observed  in  Figure  4.31  that  the  interference  peaks 
(marked  with  greek  letters)  shift  gradually  to  the  right  with  increasing  annealing  time, 
which  vividly  demonstrates  the  reduction  of  the  thickness  of  the  amorphous  layer. 
The  interband  transition  peak  intensities  stay  constant  up  to  about  8 hours  annealing 
time  indicating  that  for  these  heat  treatments  the  surface  amorphous  layer  remains 
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Figure  4.31.  Experimental  differential  reflectograms  of  arsenic-implanted  silicon  after 
isothermal  annealing  at  480°C. 
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at  least  20  nm  thick.  Interband  transition  peaks,  having  a smaller  peak  height,  can 
still  be  seen  even  after  16  hours  of  annealing,  which  indicates  that  a thin,  damaged 
layer  remains  near  the  free  surface.  It  is  noted  that  the  first  15  minutes  of  annealing 
at  480°C  causes  the  largest  shift  of  the  interference  peak  a in  a given  time  interval. 

Figure  4.32  depicts  the  amorphous  layer  thickness  as  a function  of  annealing 
time  at  480°C.  The  thickness  values  were  obtained  from  the  experimental 
differential  reflectograms  of  Figure  4.31  using  the  methods  described  in  the  previous 
section.  (For  amorphous  layers  having  a thickness  larger  than  10  nm,  the  data  were 
calculated  from  the  maxima  and  minima  of  the  interference  peaks.  For  amorphous 
layers  less  than  10  nm  thick,  the  heights  of  the  electron  interband  transition  peaks 
have  been  employed.  Some  thickness  results  taken  from  cross-sectional  transmission 
electron  microscopy  are  also  inserted  into  Figure  4.32  for  comparison.)  Four 
distinguished  slopes  can  be  identified.  They  represent  different  migration  rates  of 
the  amorphous/crystalline  interface  during  solid  phase  epitaxial  regrowth.  The 
growth  rates  as  a function  of  depth  of  the  amorphous/crystalline  interface  are 
depicted  in  Figure  4.33.  The  first  regime  has  the  highest  regrowth  rate, 
approximately  18A/min.  It  lasts  for  a very  short  time  only.  In  the  second  regime, 
the  growth  rate  is  about  3A/min.  When  the  thickness  of  the  amorphous  layer 
reaches  about  25  nm,  the  regrowth  rate  decreases  to  lA/min.  This  retardation 
period  represents  the  third  regime.  After  about  12  hours  annealing,  the  regrowth 
process  enters  a fourth  regime.  The  regrowth  rate  is  here  about  40  times  slower  than 
that  in  Regime  II.  The  thickness  of  the  surface  amorphous  layer  is  about  7 A after 
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Figure  432.  Thickness  of  surface  amorphous  layers  of  arsenic-implanted  silicon  after 
480°C  annealing.  The  data  have  been  calculated  by  using  the  information 
contained  in  Figure  4.31. 
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Figure  4.33.  Growth  rate  as  a function  of  depth  of  the  amorphous/crystalline  interface. 
The  data  have  been  calculated  from  the  slopes  in  Figure  4.32. 
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16  hours  of  annealing.  This  is  the  first  time  that  four  distinct  regrowth  regimes  have 
been  identified.  Previous  investigations  reported  essentially  only  two  regimes  [5]. 

Figure  4.34  shows  cross-sectional  transmission  electron  micrographs  for  some 
of  these  samples.  The  thickness  values  of  the  amorphous  layers  obtained  from 
XTEM  are  well  in  agreement  with  those  from  the  differential  reflectograms  as 
indicated  in  Figure  4.32.  The  finer  details  in  the  micrographs  will  be  discussed  in  a 
later  section. 

Figures  4.35a  and  b depict  again  the  thickness  of  amorphous  layers  as  a 
function  of  annealing  time,  however,  with  the  difference  that  now  various  annealing 
temperatures  are  used.  The  plotting  is  restricted  to  only  three  regimes.  The  first 
regime,  which  lasts  only  5 minutes,  is  clearly  seen  for  all  selected  annealing 
temperatures  (Figure  4.35b).  It  is  also  observed  that  the  thickness  of  the  amorphous 
layer  remains  nearly  constant  when  the  implanted  samples  are  annealed  at  or  below 
about  400°C.  This  temperature  seems  to  be  too  low  to  cause  a substantial  moving 
of  the  A/%  interface.  On  the  other  hand,  one  observes  a rapid  reduction  of  the 
amorphous  layer  thickness  when  the  annealing  temperature  is  increased  above  480°C 
(Figure  4.35a). 

Figure  4.36  depicts  the  regrowth  rates  of  As + -implanted  silicon  as  a function 
of  the  reciprocal  annealing  temperature.  It  is  observed  that  the  growth  rates  in  the 
second  and  third  regimes  are  represented  by  two  parallel  lines.  From  the  Arrhenius 
diagram  in  Figure  4.36,  the  activation  energies  can  be  obtained  by  utilizing  the  slopes 
of  the  curves.  The  activation  energy  is  0.27  eV  for  the  first  regime  and  2.3  eV  for 
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Figure  4.34.  Cioss-sectional  transmission  electron  micrographs  of  arsenic-implanted  silicon  after  various  annealing  times  at 
4S0°C. 
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Annealing  Time  (hrs.) 


+ 200°C  x 400°C  □ 480°C  A 525°C 

* 300°C  o 450°C  o 500°C 


Figure  4.35.  Thickness  of  the  amorphous  layer  as  a function  of  annealing  time  at  various 
annealing  temperatures. 

(a) .  Annealing  time  from  0 to  30  hours. 

(b) .  Annealing  time  from  0 to  1 hour. 

(Note:  The  implantations  for  the  samples  of  Fig.  4.32  and  Fig.  4.35  have  been 
done  on  different  occasions.  Small  discrepancies  apparently  exist  due  to  small 
variations  of  supposedly  "identical"  implantations.) 
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+ 20 o-c  X 400"C  □ 480"C  A 525-C 

* 300"C  O 450"C  ° 500"C  ■ 550*C 


Figure  4.35-continued 
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Figure  4.36.  Regrowth  of  amorphous  silicon  as  a function  of  the  reciprocal  annealing 
temperature.  (Arrhenius  diagram) 
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the  second  and  third  regimes.  The  different  activation  energies  suggest  different 
mechanisms  for  the  regrowth  kinetics. 

The  solid  phase  epitaxial  regrowth  of  implantation-amorphized  silicon  has 
been  studied  before  in  recent  years.  The  activation  energies  have  been  reported  to 
be  between  2.3  eV  and  2.9  eV  (See  Table  4.2).  The  Arrhenius  plots  of  these 
previous  studies  and  the  present  findings  are  shown  in  Figure  4.37.  It  is  observed 
that  the  pertinent  activation  energies  are  relatively  similar  irrespective  of  the  ion 
species  used.  The  activation  energy  obtained  from  our  study  (2.3  eV)  is  closest  to 
that  found  by  Csepregi  et  al.  [3].  However,  the  regrowth  rates  vary  considerably 
between  different  authors  and  species.  This  may  be  due  to  different  concentrations 
of  the  dopants  and  to  variations  in  annealing  procedures. 

4.4.2.  Discussion  of  the  Regrowth  Kinetics 

Regime  I.  A fast  regrowth  during  the  initial  annealing  stage  has  been 
observed  before  [19,  136].  However,  no  detailed  investigation  on  this  has  been 
performed  so  far.  Suni  et  al.  [136]  observed  a relatively  fast  regrowth  during  the  first 
30  minutes  for  As + -implanted  silicon  annealed  at  475°C  and  500°C.  They  speculated 
that  this  fast  growth  is  due  to  a rapid  reordering  of  a highly  disordered  crystalline 
region  at  the  initial  amorphous-crystalline  interface.  (This  interface  cannot  be 
distinguished  however  from  the  amorphous  region  by  the  channeling  technique.) 
Infrared  studies  [19]  have  shown  that  Si+-implanted  silicon  recrystallizes  rapidly 
during  an  initial  annealing  for  1-2  hours  at  500°C.  During  this  time  the  transition 


Regrowth  Rate  (A/min) 
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Figure  4.37  Regrowth  rate  versus  the  reciprocal  annealing  temperature.  (Arrhenius 
diagram) 


Table  4.2.  Data  of  activation  energy  for  solid  phase  epitaxial  regrowth  of  implantation  amorphized  (100)  silicon. 
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Rapid  thermal  (lamp)  annealing.  The  enhanced  regrowth  rate  is  time  limited,  (a  few  minutes  at  T < 525°C)  The  epitaxy 
velocity  enhancement  is  due  to  the  increased  diffusivity  observed  at  higher  temperature  (T  > 550°C)  [148]. 
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region  of  the  amorphous/crystalline  interface  was  found  to  be  greatly  reduced  from 
between  30  nm  and  50  nm  down  to  less  than  the  minimum  detectable  width  of  about 
20  nm.  Concomitantly,  the  refractive  index  of  the  amorphous  layer  was  found  to 
have  decreased  by  4%  from  that  of  the  as-implanted  amorphous  layer.  Fredrickson 
and  Waddell  [137]  have  found  two  well-defined  optical  states  of  amorphous  silicon 
caused  by  ion  implantation.  One  of  them  is  as-implanted  amorphous  silicon.  The 
other  is  called  "the  thermally  stabilized  amorphous  state"  which  seems  to  be  obtained 
after  2 hours  annealing  at  500°C.  The  refractive  index  of  this  state  is  said  to  have 
an  intermediate  value  between  the  as-implanted  amorphous  and  crystalline  values. 

Many  questions  seem  to  remain  open.  For  example,  our  results  indicate  that 
the  regrowth  process  in  Regime  I occurs  in  a much  shorter  time  interval  than 
previously  reported.  This  will  be  presented  and  discussed  now  in  detail.  We  focus 
our  attention  on  two  important  questions  pertaining  to  the  relatively  large  shift  of  the 
interference  peaks  in  the  differential  reflectograms  during  the  initial  annealing  stage: 

1.  Is  the  initial  large  shift  of  the  interference  peaks  caused  by  a change  in  refractive 
index  owing  to  a densification  of  the  amorphous  layer,  or  is  it  caused  by  a solid  phase 
epitaxial  regrowth? 

2.  If  the  solid  phase  epitaxial  regrowth  is  dominant,  what  type  of  mechanism  is  then 
involved? 

In  order  to  respond  to  the  first  question,  a series  of  differential  reflectograms 
employing  various  refractive  indices  has  been  calculated.  Figure  4.38  shows  these 
calculated  differential  reflectograms  assuming  a surface  amorphous  layer  with  a 
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Figure  4.38.  Calculated  differential  reflectograms  using  various  refractive  indices  for 
amorphous  silicon  having  a layer  thickness  of  155  nm. 

(a) ,  literature  values  for  n0  and  ka. 

(b) (c)(d)(e).  utilizing  a modified  value  for  the  refractive  index: 

n*=na-(na-ncry,.)y,  where  y=20%,40%,  60%,  80%,  respectively. 
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thickness  of  155  nm.  The  dashed  curve  was  calculated  using  the  literature  values  for 
na  and  ka.  The  solid  lines  were  obtained  using  the  literature  values  for  ka  and  a 
modified  value  for  n*,  where  n*  =na-  (na-  nciys)y  (and  y is  varied  from  20%  to  80%). 
It  is  noted  that  the  shift  of  the  interference  maximum  a is  negligibly  small  even  when 
using  y = 80%.  Figure  4.39  compares  the  measured  and  calculated  differential 
reflectograms.  Specifically,  Figure  4.39a  depicts  measured  differential  reflectograms 
on  arsenic-implanted  silicon,  as-implanted  and  after  480°C/5  minutes  annealing.  The 
difference  on  the  wavelength  scale  between  the  peaks  a for  these  two  states  is  80  nm. 
Figure  4.39b  shows  calculated  differential  reflectograms  using  the  literature  values 
na  and  ka  for  amorphous  silicon,  a modified  refractive  index  n*=na-(na-ncrst)30% 
and  a literature  value  of  ka,  a literature  value  of  na  and  a modified  damping 
coefficient  k*  =ka-(ka-kCISt)30%,  and  finally  a modified  refractive  index  n*  and  a 
modified  damping  coefficient  k*.  It  is  seen  that  the  shift  of  the  interference  peaks 
due  to  a change  of  the  optical  constants  is  very  small  compared  to  the  80  nm 
observed  in  Figure  4.39a  and  can  therefore  be  neglected.  It  is  not  ruled  out  that  the 
optical  contants  still  change  during  annealing  due  to  the  densification  of  the 
amorphous  layer,  i.e.,  due  to  the  formation  of  a thermally  stabilized  amorphous  state. 
However,  the  change  in  optical  contants  seems  to  be  not  a critical  parameter  for  the 
observed  peak  shift.  It  is,  therefore,  concluded  that  the  large  shift  of  the  interference 
peaks  which  is  observed  in  the  differential  reflectograms  after  a short  annealing  time 
is  mainly  caused  by  regrowth. 

We  now  focus  our  attention  on  the  second  question  mentioned  above.  It  has 


Figure  4.39.  Differential  reflectograms  of  arsenic-implanted  silicon  wafers. 

(a) ,  as-implanted  and  after  480°C/5  minutes  annealing.  The  amorphous 

layer  thickness  of  the  implanted  specimen  is  155  nm  (experimental 
data). 

(b) .  calculated,  for  155  nm  amorphous  surface  layer  utilizing  the 

literature  values  na  and  ka  for  amorphous  silicon  and  the  modified 
values  n*  = (n0  - 11^)30%  and  k*  = (ka  - 1^)30%. 


a 


109 


Wavelength  (nm) 


110 


been  shown  in  Figure  4.36  that  the  activation  energy  for  the  recrystallization  of  As+ 
ion-damaged  silicon  in  the  first  regime  is  about  0.27  eV.  This  value  is  close  to  that 
obtained  by  ion-beam-induced  crystallization  (IBIC)  (0.24  eV)  [138].  IBIC  is  said  to 
be  controlled  by  the  energy  deposited  near  the  crystalline/amorphous  interface  and 
by  single  point  defects  generated  by  the  ions  in  the  vicinity  of  the  interface.  It  has 
also  been  proposed  [138]  that  the  thermal  activation  energy  of  0.24  eV  is  connected 
to  the  migration  of  single  point  defects.  A similar  mechanism  is  likely  to  become 
active  in  our  case  for  the  first  regime.  (In  contrast  to  this,  annihilation  of  divacancies 
requires  an  activation  energy  of  1.2  eV  [147]). 

The  amorphous/crystalline  interface  is  not  abrupt  after  ion  implantation,  see 
Figures  4.40a  and  4.40c.  A certain  transition  region  of  about  10  nm  is  observed 
which  appears  to  be  rather  wavy.  A large  amount  of  point  defects  is  probably 
present  in  this  region.  At  the  initial  annealing  stage,  these  point  defects  can  be 
expected  to  contribute  significantly  to  the  recrystallization  and  thus  to  a rapid 
migraton  of  the  interface.  After  the  annihilation  of  most  of  the  defects  has  been 
completed  (which  may  occur  in  a relatively  short  time,  depending  on  the  annealing 
temperature),  the  regular  solid  phase  regrowth  process  (Regime  II)  commences.  By 
inspecting  the  micrographs  in  Figures  4.40b  and  d,  it  is  observed  that  the  interface 
separating  the  amorphous  and  the  crystalline  areas  becomes  more  defined  after 
annealing  for  15  minutes.  The  interface  in  the  XTEM  pictures  of  Figure  4.40b  has 
moved  approximately  7 nm  in  this  time  interval  compared  to  Figure  4.40a  due  to 
Regime  I annealing. 
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As+  -*  Si 

0 = 1 x 1015  ions/cm2 
E = 60  keV 


as-implanted  Annealing  at  400°C/15  min. 


(b) 


Figure  4.40.  Cross-sectional  transmission  electron  micrographs  for  As+-implanted  (100) 
silicon 

(a)  as-implanted 

(b)  annealed  silicon  (400°C/15  minutes) 

(c)  High-resolution  micrograph  for  as-implanted 

(d)  High-resolution  micrograph  for  annealed  silicon  (400°C/15  minutes) 


Figure  4.40--Continued 


Figure  4.40-Continued 
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It  should  be  noted  in  passing  that  the  current  XTEM  sample  preparation 
process  requires  a 1 hour  curing  of  the  epoxy  near  200°C.  As  a consequence  the  as- 
implanted"  configuration  in  XTEM  is  in  reality  a slightly  annealed  state.  In  contrast, 
differential  reflectometry  measures  a true  "as-implanted"  state. 

In  summary,  it  is  concluded  that  the  relatively  large  shift  of  the  interference 
peaks  which  is  observed  after  short-time  annealing  (Regime  I)  is  mainly  caused  by 
a rapid  migration  of  the  amorphous/crystalline  interface.  This  is  possibly  due  to  the 
presence  and  annihilation  of  lattice  defects  which  have  accumulated  near  this 
interface. 

Parameters  which  influence  the  regrowth  in  Regime  I.  It  appears  to  be 
worthwhile  to  investigate  in  more  detail  the  regrowth  in  Regime  I as  a function  of 
implantation  energy,  implantation  dose  and  substrate  orientation.  This  will  be  done 
now. 

In  Figure  4.41,  the  thickness  of  the  amorphous  layer  is  depicted  as  a function 
of  annealing  time  for  various  implantation  energies  of  As+  ions.  It  is  observed  that 
the  annealing-induced  thickness  change  of  the  amorphous  layer  in  Regime  I is  larger 
for  higher  implantation  energies  as  also  seen  in  Figure  4.42.  This  can  be  interpreted 
by  knowing  that  a high  implantation  energy  causes  an  increase  in  the  number  of 
point  defects  which,  in  turn,  promotes  a faster  recrystallization.  In  fact,  the  region 
in  which  point  defects  are  present  widens  with  increasing  implantation  energy  as  seen 
in  the  TRIM'90  simulation  plot  shown  in  Figure  4.43. 
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Figure  4.41.  Thickness  of  the  amorphous  layer  as-implanted  and  after  480°C  annealing  for 
various  times.  The  parameter  on  the  curves  is  the  implantation  energy  of  the 
arsenic  ions. 
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Figure  4.42.  Reduction  of  the  amorphous  layer  thickness  as  a function  of  implantation 
energy  after  5 minutes  annealing  at  480°C. 
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Figure  4.43.  Calculated  damage  density  as  a function  of  depth  for  various  implantation 
energies  using  the  TRIM’90  simulation  program. 
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The  dose  dependence  of  post-implantation  annealing  in  Regime  I is  shown  in 
Figure  4.44.  It  is  interesting  to  note  that  a small  implantation  dose  causes  a faster 
reduction  in  the  amorphous  layer  thickness,  particularly  if  the  annealing  temperature 
is  high.  This  suggests  that  some  defects  have  been  already  recovered  by  self- 
annealing during  high  dose  implantation. 

Finally,  the  substrate  orientation  dependence  of  the  regrowth  kinetics  has 
been  investigated  for  the  first  annealing  stage.  Several  As + -implanted  silicon  samples 
with  (111)  and  (100)  oriented  silicon  have  been  annealed  for  5 minutes  at  various 
temperatures.  It  is  observed  in  Figure  4.45  that  the  regrowth  is  slower  for  the  (111) 
oriented  silicon  substrate.  This  is  true  for  both  applied  doses.  Specifically,  the 
regrowth  rate  is  1.3  and  1.5  times  slower  for  (111)  oriented  silicon  for  doses  of 
1 x 1015  and  1 x 1016  ions/cm2,  respectively,  compared  to  (100)  silicon. 

Figure  4.46  depicts  two  Arrhenius  diagrams  representing  the  regrowth  of  As+- 
implanted  (111)  and  (100)  silicon  involving  doses  of  1 x 1015  and  1 x 1016  ions/cm2 
after  5 minutes  annealing.  For  a given  dose,  the  activation  energy  for  both 
orientations  is  nearly  identical.  However,  the  activation  energy  for  $ = 1 x 1016 
ions/cm2  is  0.17  eV  compared  to  the  above  mentioned  0.27  eV  for  </>  = lx  1016 
ions/cm2. 

It  is  noted  in  Figure  4.46  that  the  slopes  are  larger  for  annealing  at  higher 
temperatures.  The  smaller  slope  (at  lower  temperatures)  corresponds  to  point  defect 
annihilation  (Regime  I).  The  larger  slope  is  related  to  the  solid  phase  epitaxial 
regrowth  which  takes  place  above  500°C  (Regime  II).  (See  also  Figure  4.36  in  which 


Reduction  of  Thickness 


120 


Annealing  Temperature  ( C) 


Figure  4.44.  Reduction  of  amorphous  layer  thickness  as  a function  of  the  annealing 
temperature.  Annealing  time  is  5 minutes  (Regime  I).  The  As+  implantations 
were  done  at  two  different  doses  as  indicated  on  the  curves. 
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Figure  4.45.  Reduction  of  amorphous  layer  thickness  as  a function  of  annealing 
temperature. 

(a)  0 = 1015  ions/cm2,  (b)  0 = 1016  ions/cm2. 
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Figure  4.46.  Regrowth  rate  of  amorphous  silicon  as  a function  of  the  reciprocal 
temperature.  (Arrhenius  diagram) 

(a)  <p  = 101S  ions/cm2,  (b)  <f>  = 1016  ions/cm2. 
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the  high  temperature  end  of  the  curve  marked  "Regime  I"  is  nearly  parallel  to  the 
slopes  of  Regimes  II  and  III.)  The  break  points  between  Regimes  I and  II  in  Figure 
4.46  are  seen  to  be  at  different  temperatures  for  (111)  and  (100)  substrates. 

The  question  arises  whether  or  not  Si+  ion  implantation  creates  similar  results 
in  Regime  I as  As + implantation.  Figure  4.47  depicts  a series  of  differential 
reflectograms  obtained  after  silicon  has  been  isothermally  annealed  at  400°C 
subsequent  to  a 60  keV  Si+  implantation.  After  15  minutes  of  annealing,  the 
minimum  marked  a'  has  shifted  from  \ = 715  nm  to  X = 625  nm,  which  indicates 
that  the  interface  has  moved  about  20  nm  toward  the  free  surface.  It  is  observed  in 
Figure  4.48  that  this  interface  shift  is  larger  for  Si + -implanted  silicon  compared  to 
As+  implantation  under  otherwise  identical  conditions.  Figure  4.49  compares  the 
damage-density  profiles  for  As+  and  Si+  implantations  as  calculated  by  TRIM 
simulations  using  otherwise  identical  conditions.  The  damaged  area  near  the  A/x 
interface  is  observed  to  be  smaller  for  As+  implantation,  quite  in  agreement  with  our 
optical  data  (see  above)  and  XTEM  micrographs,  see  Figure  4.50.  The  undulations 
which  were  produced  at  the  initial  crystalline/amorphous  interface  are  due  to  ion 
range  straggling  [7,  139].  It  is  expected  that  the  range  straggling  of  arsenic  ions  is 
smaller  than  that  of  silicon  ions  because  arsenic  ions  are  heavier  than  silicon  ions. 
And  also  the  effective  threshold  damage  density  of  As+  implants  is  lower  than  that 
of  Si+  implants  [7].  (See  Figure  4.49).  As  a result,  a sharper  interface  for  As+ 
implantation  is  observed. 
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Figure  4.47.  Experimental  differential  reflectograms  obtained  after  isothermal  annealing  at 
400°C  for  a 60  keV  Si+-implanted  silicon  wafer. 
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Figure  4.48.  Reduction  of  the  amorphous  layer  thickness  as  a function 
temperature  for  Si+  and  As+  ion-implanted  silicon  wafers, 
extracted  from  the  pertinent  differential  reflectograms. 
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Figure  4.49.  Calculated  damage  density  as  a function  of  depth  for  Si+  and  As* 
implantation  into  silicon  (TRIM’90  program).  The  values  for  the  amorphous 
(a)/crystalline(x)  interface  are  taken  from  XTEM  micrographs. 
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Figure  4.50.  Cross-sectional  transmission  electron  micrographs  of  as-implanted  silicon.  The 
implanted  species  are  arsenic  and  silicon.  (E  = 60  keV,  <£  = lx  1015  ions/cm2) 
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In  summary,  the  regrowth  of  the  implantation-inflicted  amorphous  layer  in 
Regime  I depends  on  the  implantation  energy,  the  ion  species  and  the  implantation 
dose.  Specifically,  a higher  implantation  energy,  a lower  dose,  and  a lighter 
implantation  species  accelerate  the  regrowth  rate  in  this  regime.  The  migration  of 
the  interface  in  the  initial  annealing  stage  is  faster  for  the  (100)  substrate  orientation. 

Regimes  II  and  III.  It  has  been  shown  above  that  the  regrowth  rate  of  an  ion 
implantation-induced  amorphous  layer  is  reduced  when  a silicon  wafer  is  annealed 
beyond  the  initial  5 minutes.  Figure  4.35  indicates  that  the  annealing  time  at  which 
the  transition  between  Regimes  II  and  III  occurs  is  strongly  temperature  dependent. 
In  contrast  to  this,  the  thickness  of  the  remaining  amorphous  layer  at  the  break  point 
between  Regimes  II  and  III  seems  to  be  nearly  identical,  i.e.,  about  35  ±5  nm. 

It  is  known  that  the  regrowth  rate  depends  on  the  concentration  of  the 
implanted  species.  Specifically,  the  regrowth  rate  is  severely  reduced  by  high 
concentrations  of  Pb,  As,  In  or  Bi  atoms  in  silicon  substrates  [5,  138].  The  regrowth 
rate  is  said  to  be  particularly  slowed  down  when  a segregation  of  impurity  atoms  near 
the  moving  amorphous/crystalline  interface  takes  place,  that  is,  if  an  enrichment  of 
impurities  near  the  surface  is  present.  As  a consequence,  the  interface  may  be 
pinned  and  its  motion  comes  eventually  to  a near  stand  still.  This  has  been  called 
the  "push  out"  effect.  In  short,  the  regrowth  rate  depends,  among  other  factors,  on 
whether  or  not  the  solubility  limit  has  been  reached,  as  Figure  4.51  schematically 
demonstrates.  The  following  experiments  shed  some  more  light  on  this. 
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Figure  4.51.  Schematic  diagrams  of  regrowth  sequences  for  < 600°C  annealing  of  ion- 
implanted  (100)  Si.  (From  Williams  and  Short  [6].) 
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In  Figure  4.52,  the  regrowth  behavior  of  As + -implanted  silicon  is  depicted  for 
two  implantation  doses.  In  contrast  to  the  well-defined  Regimes  I through  III  known 
from  the  above  mentioned  low  dose  (1015  ions/cm2)  implantation  experiments,  a 
larger  dose  (1016  ions/cm2)  seems  to  cause  a modification  of  the  recrystallization 
behavior.  Specifically,  the  regrowth  in  the  latter  case  is  subdivided  into  fast-slow-fast- 
slow  regions.  This  behavior  for  high  dose  implantation  is  not  restricted  to  one 
temperature  only.  Indeed,  other  annealing  temperatures  produce  similar  results,  as 
can  be  seen  in  Figure  4.53.  (For  very  low  and  for  very  high  temperatures,  however, 
this  peculiar  annealing  behavior  is  masked  by  the  extremely  fast  or  extremely  slow 
regrowth  rate.)  Without  doubt,  a high  concentration  of  impurity  atoms  does 
influence  the  regrowth  kinetics,  but  more  than  one  mechanism  seems  to  be  involved. 
For  the  interpretation  of  the  results  depicted  in  Figure  4.53  the  availability  of  arsenic 
concentration  profiles  would  certainly  be  helpful.  In  Figure  4.54,  a series  of  SIMS 
profiles  of  As+-implanted  and  annealed  silicon,  employing  doses  of  1 xlO15  and  1 x 
1016  ions/cm2  are  shown.  It  is  seen  that  in  our  case  the  highest  arsenic  concentration 
achieved  was  7 x 1020  cm'3,  which  is  just  below  the  solubility  limit  of  about  1.5  x 1021 
cm'3  [95].  No  shift  in  the  peak  concentration  and  no  second  peak  is  observed  (as  for 
the  example  seen  in  Figure  4.51b).  This  observation  is  quite  in  agreement  with  the 
fact  that  in  our  case  the  solubility  limit  for  arsenic  in  silicon  has  not  yet  been 
reached. 

It  seems  to  be  particularly  helpful  for  the  present  discussion  to  display  the 
post-implantation  annealing  characteristics  in  the  same  diagram  as  the  SIMS 
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Figure  4.52.  Thickness  of  amorphous  layers  as  a function  of  annealing  time  for  As+- 
implanted  silicon.  <f>  = 1 x 1015  and  1 x 1016  ions/cm: . E = 120  keV. 

T = 480°C. 
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Figure  4.5.i.  Thickness  of  the  amorphous  layer  as  a function  of  the  annealing  time  for 
arsenic-implanted  silicon  with  a dose  of  1 x 1016  ions/cm:  at  various  annealing 
temperatures. 
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Figure  4.54.  SIMS  concentration  profiles  for  As+-implanted  silicon. 

(a) .  Annealed  at  480°C  for  16  hours.  <f,  = 1 x 1016  ions/cm2. 

(b) .  Annealed  at  480°C  for  3,  8 and  16  hours.  <f>  = lx  1015  ions/cm2. 


Figure  4.54-continued 
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concentration  profiles  (Figure  4.55).  When  doing  this  it  is  noted  that  for  small 
implantation  doses  (Figure  4.55a)  the  kinks  between  Regimes  I and  II  and  Regimes 
II  and  III  are  located  at  nearly  the  same  As+  concentration,  that  is,  at  about  3 x 1019 
ions/cm2.  Regime  II  in  Figure  4.55a,  thus,  seems  to  be  linked  to  a concentration 
range  above  3 x 1019  arsenic  atoms  per  cm3. 

This  behavior  is  modified  if  larger  implantation  doses  are  employed  (Figure 
4.55b).  Regime  II  is  now  subdivided  into  four  regions  IIa  through  IId.  Region  IIC, 
which  represents  the  slowest  rate,  occurs  at  a depth  at  which  the  arsenic 
concentration  is  maximal.  This  regime  is  flanked  by  two  faster  growth  rate  regions 
(Regions  IIb  and  IId)  at  which  the  arsenic  concentration  is  smaller.  The  kink 
between  Regimes  IId  and  Regime  III  occurs  as  in  Figure  4.55a  at  a concentration  of 
about  3 x 1019  arsenic  atoms  per  cm3.  These  findings  are  very  well  in  accord  with 
those  of  other  authors  [3,  5]  who  found  during  500°C  annealing  of  As + -implanted 
silicon  an  increase  in  the  regrowth  rate  until  an  impurity  concentration  of  2 x 1020 
cm'3  was  reached  and  a decreasing  regrowth  rate  beyond  2 x 1020  cm'3  (see  Figure 
4.56).  This  maximal  regrowth  rate  is  marked  in  Figure  4.55b  (Regime  lib  and  IId). 

We  turn  now  to  the  implantation  energy  dependence  of  the  regrowth  kinetics 
(Figure  4.57).  It  is  observed  that  the  break  point  between  Regimes  II  and  III  occurs 
at  different  layer  depths  for  various  implantation  energies  in  the  case  of  <p  = 1 x 1015 
As+/cm2.  Specifically,  the  thickness  of  the  amorphous  layer  at  the  II/III  kink 
increases  with  increasing  implantation  energy,  as  also  depicted  in  Figure  4.58.  The 
break  point  between  Regimes  II  and  III  seems  to  reveal  a critical  arsenic 
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Figure  4.55.  Amorphous  layer  thickness  vs.  annealing  time  at  480°C  and  arsenic 
concentration  profile  measured  with  SIMS  (after  annealing  at  480°C/16hours) 

(a) .  </>  = 1 x 10u  ions/cm2,  E = 120  keV 

(b) .  <f)  = lx  1016  ions/cm2,  E = 120  keV 
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Figure  4.56.  Epitaxial  regrowth  rates  of  As+-implanted  silicon  as  a function  of  impurity 
concentration.  Data  are  from  Poate  and  Williams  [95]. 
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Figure  4.57.  Thickness  of  amorphous  layers  as  a function  of  annealing  time  for  various 
implantation  energies.  T = 480°C,  6 = 1 x 1015  ions/cm2. 


Figure  4.58.  Transition  point  between  Regimes  II  and  III  as  a function  of  the  implantation 
energy  after  isothermal  annealing  at  480°C.  (From  Figure  4.57) 
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concentration  at  which  the  movement  of  the  A/ % interface  is  severely  hampered. 
This  critical  arsenic  concentration  appears  to  be  around  3 x 1019  cm"3  according  tO 
DR  and  SIMS  data  (Figure  4.55a)  and  at  about  4.5  X 1019  cm'3  according  DR  in 
combination  with  TRIM'90  calculations.  Figure  4.59  shows  that  the  II/III  break 
point  occurs  at  the  same  arsenic  concentration  irrespective  of  the  implantation 
energy. 

Finally,  the  above  described  annealing  experiments  have  been  repeated  for 
silicon  ion-implanted  silicon.  It  is  observed  in  Figure  4.60  that  no  separate  Regimes 
II  and  III  exist  in  this  case.  This  underscores  once  more  that  the  retardation  of  the 
regrowth  rate  in  Regime  III  is  triggered  by  impurity  atoms. 

At  the  end  of  this  section,  the  regrowth  behavior  in  Regimes  II  and  III  for 
As+  ion-implanted  silicon  is  studied  for  (111)  substrates.  Distinct  Regimes  II  and  III 
are  again  observed,  see  Figure  4.61.  The  thickness  of  the  amorphous  layer  at  the 
break  point  between  the  two  regimes  is  about  30  ±5  nm.  The  regrowth  rate  for  the 
(111)  substrate  is,  however,  slower  by  a factor  of  15,  as  Figure  4.62  indicates.  It  is 
noted  that  the  effect  of  the  substrate  orientation  on  the  regrowth  in  Regime  II  is 
much  larger  than  that  in  Regime  I.  The  activation  energies  in  both  regimes  are 
identical  for  both  substrate  orientations  (2.3  eV). 

Regime  IV.  The  regrowth  rate  in  Regime  IV  is  extremely  slow  (see  Figures 
4.32,  4.33  and  4.60).  The  additional  reduction  of  the  regrowth  rate  in  this  regime  is 
attributed  to  the  involvement  of  different  types  of  impurities  such  as  oxygen  or 
carbon  which  are  introduced  into  the  free  surface  from  the  environment  during  ion 
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Figure  4.59.  Calculated  arsenic  concentration  profiles  (TRIM’90). 
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Figure  5.60.  Thickness  of  the  amorphous  layer  vs.  annealing  time  at  500°C  for  60  keV 
silicon-implanted  silicon  utilizing  a dose  of  1 x 1015  ions/cm2. 
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Figure  4.61.  Recrystallization  rate  of  amorphous  silicon  as  a function  of  the  reciprocal 
annealing  temperature  for  (111)  silicon. 
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Figure  4.62.  Thickness  of  the  amorphous  layer  as  a function  of  annealing  time  utilizing  two 
silicon  substrate  orientations  after  annealing  at  various  temperatures  (Regime 
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implantation  and  annealing  [5].  The  surface  layer  at  which  this  process  occurs  (about 
one  or  two  nm  thick)  is  generally  etched  off  during  device  processing  and  is  therefore 
of  no  major  interest  to  industry. 

In  summary,  four  distinct  annealing  stages  (regimes)  for  post-arsenic 
implantation  (dose  = 1 x 1015  ions/cm2)  have  been  identified  and  investigated.  The 
regimes  represent  different  migration  rates  of  the  amorphous/crystalline  interface. 
The  activation  energies  were  found  to  be  0.27  eV  for  Regime  I and  2.3  eV  for 
Regimes  II  and  III.  Compared  to  the  lower  dose  (lx  1015  ions/cm2)  implantation, 
a higher  dose  (1  x 1016  ions/cm2)  implantation  shows  a "fast-slow-fast-slow"  annealing 
behavior.  It  is  believed  that  the  concentration  of  the  implanted  species  has  a strong 
effect  on  the  solid  phase  epitaxial  regrowth. 
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4.5.  Boron  Ion  Implantation  into  Silicon 

Boron  is  the  most  important  element  for  p-type  doping  of  silicon  and  is  widely 
used  for  MOS  circuits  and  bipolar  transistors.  In  contrast  to  arsenic,  boron 
implantation  into  silicon  results  in  a relatively  small  lattice  disorder  due  to  its  small 
mass.  Boron  ion  implantation  is  dominated  by  electronic  stopping  which  does  not 
produce  atom  displacement.  This  section  presents  differential  reflection  experiments 
on  boron-implanted  silicon  as  a function  of  implantation  energy,  dose,  and  annealing. 

Figure  4.63  shows  a series  of  differential  reflectograms  obtained  from  B+- 
implanted  silicon  applying  various  doses  and  a constant  implantation  energy  of  100 
keV.  No  interference  peaks  are  observed,  which  confirms  that  amorphous  layers  are 
not  formed  by  boron  bombardment  at  room  temperature  at  and  below  a dose  of  1 
x 1016  ions/cm2.  However,  the  presence  of  interband  transition  peaks  in  the 
differential  reflectograms  indicates  that  some  lattice  damage  has  been  inflicted.  The 
interband  transition  peaks  can  be  well  identified  at  a dose  as  low  as  5 x 1013 
ions/cm2.  The  peak  height,  that  is,  the  difference  between  the  minimum  near  315 
nm  and  the  maximum  E2  in  Figure  4.63  as  a function  of  boron  dose  is  depicted  in 
Figure  4.64.  It  is  seen  that  the  intensity  of  the  peaks  increases  with  increasing  dose 
in  a near  parabolic  manner,  which  suggests  that  the  degree  of  lattice  damage 
increases  with  increasing  dose  in  a similar  fashion.  Figure  4.65  depicts  again  the 
peak  heights  as  a function  of  dose,  this  time,  however,  in  a log-log  diagram  together 
with  the  integrated  damage  density.  (The  integrated  damage  density  is  obtained  by 
integrating  the  damage  density  distribution  function  over  a range  defined  by  the 
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Figure  4.63.  Experimental  differential  reflectograms  for  B+  ion-implanted  (100)  silicon, 
applying  various  doses  and  an  implantation  energy  of  100  keV. 
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Figure  4.64.  Peak  height,  that  is,  the  difference  between  the  minimum  near  315  nm  and  the 
maximum  E,  in  Figure  4.63  as  a function  of  boron  dose. 
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Figure  4.65.  Peak  height  for  B+-implanted  silicon  from  the  measured  differential 
reflectograms  and  integrated  damage  density  from  TRIM  calculation  as  a 
function  of  dose. 
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sampling  depth  of  the  differential  reflectometer  (100  A)).  It  is  observed  that  the 
integrated  damage  density  depends  linearly  on  the  implantation  dose  (slope  =1), 
while  the  peak  height  (degree  of  lattice  damage)  shows  a near  square  root 
dependence  on  the  implantation  dose  (slopes  1/2).  The  difference  in  the  dose 
dependence  between  measurement  and  calculation  can  be  explained  by  assuming  a 
dynamic-annealing  prosess  during  implantation.  The  substrate  temperature  during 
implantation  increases  significantly  with  increasing  dose  if  a dose  above  5 x 1014 
ions/cm2  is  employed  with  a Wayflow  end  station  [130].  Thus,  some  lattice  defects 
are  annihilated  already  during  implantation  for  high-dose  implants  due  to  wafer 
heating,  which  may  result  in  a non-linear  dose  dependence. 

We  define  the  amorphous  state  to  have  maximal  (100%)  lattice  damage  and 
equate  this  100%  lattice  damage  to  the  E2  peak  height  for  arsenic-implanted  silicon. 
Then  we  can  obtain  an  approximate  degree  of  lattice  damage  in  B+ -implanted  silicon 
from  the  E2  peak  heights.  The  degree  of  lattice  damage  thus  obtained  is  displayed 
in  Figure  4.66.  We  observe  in  this  case  a lattice  damage  of  about  45%  for  $ = 1016 
ions/cm2  and  E = 100  keV.  Complete  amorphization  would  be  expected  (by 
extending  the  experimental  curve  to  100%)  at  about  6 x 1016  ions/cm2,  which  is  in 
agreement  with  previous  results  (8  x 1016  ions/cm2  [94]  and  6 x 1016  ions/cm2  [150]). 
It  should  be  pointed  out  that  the  degree  of  lattice  damage  which  is  deduced  from  the 
intensities  of  the  interband  transition  peaks  reflects  the  damage  on  the  top  surface 
only  because  the  mean  penetration  depth  of  the  light  in  the  ultraviolet  region  is  only 
about  100 A.  (The  mean  penetration  depth  is  that  distance  at  which  the  light 
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Figure  4.66.  Peak  height,  that  is,  the  difference  between  the  minimum  near  315  nm  and  the 
maximum  E,  in  Figure  4.56  as  a function  of  boron  dose.  Also  shown  is  the 
degree  of  lattice  damage  which  is  defined  to  be  maximal  for  amorphous  silicon 
which  is  obtained  by  arsenic-implantation.  In  other  words,  the  peak  height  for 
arsenic-implanted  silicon  (Figure  4.21)  is  set  to  be  equal  to  100%  lattice 
damage. 
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intensity  is  reduced  to  37%  of  its  original  value.) 

Figure  4.67  depicts  three  differential  reflectograms  obtained  by  implanting 
boron  ions  into  silicon  at  a constant  dose  of  5 x 1015  ions/cm2  and  utilizing 
implantation  energies  of  60,  80  and  120  keV.  The  shapes  of  the  curves  are  almost 
identical,  which  suggests  that  a possible  implantation  energy  dependence  of  the 
amount  of  lattice  damage  (if  any)  seems  to  be  very  small. 

Figure  4.68  depicts  the  heights  of  peaks  E2  (defined  as  above)  as  a function 
of  annealing  temperature  for  boron  implantation  using  two  different  doses.  It  is 
observed  that  annealing  at  temperatures  below  about  250°C  does  not  change  the 
peak  heights  (and  thus  the  degree  of  lattice  damage)  substantially.  However,  the 
peak  heights  decrease  linearly  with  increasing  annealing  time  for  higher 
temperatures,  indicating  a removal  of  the  lattice  damage  with  heat  treatment.  The 
annealing  curves  for  both  applied  doses  are  essentially  similar  in  shape,  indicating 
that  the  annealing  mechanism  is  alike  in  both  cases. 

In  summary,  it  has  been  shown  that  the  intensities  of  the  interband  transition 
peaks  in  differential  reflectograms  can  be  used  to  characterize  the  degree  of  lattice 
damage  in  the  case  of  boron  implantation.  The  ion  induced  lattice  damage  increases 
near  parabolically  with  dose.  Varying  the  implantation  energy  does  not  substantially 
change  the  degree  of  lattice  damage.  Annealing  above  250°C  decreases  the  lattice 
damage  in  a near  linear  fashion. 
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Figure  4.67.  Experimental  differential  reflectograms  for  B+  ion-implanted  (100)  silicon 
applying  various  implantation  energies  as  marked  on  the  curves. 
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Figure  4.68.  Height  of  peak  E,  as  a function  of  annealing  temperature  for  B+  ion-implanted 
silicon  utilizing  doses  of  5 x 1015  and  1 x 1016  ions/cm2.  Annealing  time:  30  min. 
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CHAPTER  5 
CONCLUSIONS 


The  lattice  damage  and  post-implantation  annealing  behavior  of  ion-implanted 
silicon  and  other  semiconductor  materials  have  been  studied  in  the  past  mostly  by 
Rutherford  back-scattering  (RBS)  or  cross-sectional  transmission  electron  microscopy 
(XTEM).  These  methods  are  expensive  and  time-consuming  and  require,  in  many 
cases,  a destruction  of  the  samples  to  be  investigated.  The  present  study  has  shown 
for  the  first  time  that  an  alternate  method,  namely,  differential  reflectometry,  is  well 
capable  of  providing  essentially  the  same  pieces  of  information,  with  the  added 
advantages  that  differential  reflectometry  is  fast,  nondestructive,  and  utilizes  a 
comparatively  inexpensive  and  easy  to  handle  instrument.  Further,  additional,  more 
detailed  information  on  the  intricacies  of  ion  implantation  and  post-implantation 
annealing  can  be  effortlessly  obtained  by  this  new  technique.  Differential 
reflectometry  allows  an  immediate  assessment  of  the  changes  in  the  electronic 
structure  which  have  been  introduced  into  a material  by  ion  implantation  or 
annealing.  The  technique  can  be  used  to  identify  whether  an  implanted  layer  is 
crystalline,  damaged  crystalline,  or  amorphous. 

A novel  data  reduction  method  has  been  developed,  which  utilizes  the 
interference  maxima  and  minima  in  the  differential  reflectograms  as  input  data  and 
which  yields  quantitative  information  on  various  vital  properties  of  the  material  under 
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investigation.  It  has  been  demonstrated  that  the  thickness  of  a continuous 
amorphous  layer,  which  has  been  introduced  by  ion  implantation,  can  be  easily 
deduced  in  this  manner.  It  was  found  that  the  agreement  between  data  obtained  by 
differential  reflectometry  and  by  XTEM  is  well  within  5%. 

The  results  obtained  from  the  present  investigations  utilizing  differential 
reflectometry  are  not  only  in  accord  with  the  current  understanding  of  ion 
implantation  damage  and  its  annealing  behavior  but  also  provide  finer  details  on  the 
various  stages  during  annealing  and  the  possible  mechanisms  involved.  Even  though 
essential  elements  of  the  conclusions  presented  here  have  been  transmitted  in  one 
way  or  another  over  the  past  20  years  by  previous  investigators  who  interpreted  a 
multitude  of  data  obtained  by  a variety  of  different  experimental  techniques,  it  is  the 
merit  of  the  present  work  to  have  demonstrated  that  this  information  can  be 
cohesively  and  comprehensively  obtained  by  using  differential  reflectometry  only. 
The  findings  of  the  present  work  are  summarized  as  follows: 

1)  From  the  differential  reflectograms  obtained  for  post-implantation 
isothermal  annealing  experiments,  four  distinguished  annealing  stages  (regimes), 
which  represent  different  migration  rates  of  the  amorphous/crystalline  interface,  have 
been  identified.  For  the  solid  phase  epitaxial  regrowth  after  a 120  keV  As+ 
implantation  of  (100)  orientated  silicon  substrates,  activation  energies  of  0.27  eV  for 
Regime  I and  2.3  eV  for  Regimes  II  and  III  are  observed.  A rapid  migration  of  the 
amorphous/crystalline  interface  based  on  the  annihilation  of  lattice  defects  near  the 
crystalline/ amorphous  interface  is  believed  to  be  the  dominant  mechanism  in  Regime 
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I.  The  recrystallization  behavior  represented  by  Regime  I depends  on  the  magnitude 
of  the  implantation  energy,  the  ion  species,  orientation  of  the  substrate  and  the 
implantation  dose. 

The  recrystallization  in  Regimes  II  and  III  represents  the  regular  solid  phase 
epitaxial  regrowth  process,  which  involves  the  movement  of  the 
amorphous/crystalline  interface  from  the  crystalline  region  through  the  amorphous 
region  toward  the  surface.  A retardation  of  the  regrowth  is  observed  in  Regime  III, 
which  occurs  when  the  moving  interface  sweeps  through  the  region  of  maximum 
arsenic  concentration.  The  critical  depth  which  separates  Regimes  II  and  III 
increases  with  increasing  implantation  energy.  In  the  case  where  the  arsenic 
implantation  dose  is  extremely  large  (>  1016  ions/cm2),  the  interface  is  observed  to 
move  faster  again  once  the  arsenic  concentration  peak  has  been  passed.  It  should 
be  noted  that  Si+  implantation  into  silicon  does  not  display  Regime  III  since  no 
"foreign"  atoms  are  present  which  could  hamper  the  movement  of  the  interface. 

An  extremely  slow  regrowth  rate  is  found  in  Regime  IV,  which  is  explained 
by  the  presence  of  impurities  (such  as  oxygen  or  carbon)  near  the  free  surface. 

2)  The  properties  of  the  damaged  region  are  a function  of  the  implantation 
energy,  the  dose,  and  the  implantation  species. 

The  critical  energy  at  which  the  implantation-induced  amorphous  layer  starts 
to  become  submerged  under  an  essentially  crystalline  layer  depends  on  the  mass  of 
the  implanted  species.  For  Si + -implanted  silicon,  the  critical  energy  is  found  to  be 
between  100  and  120  keV.  Ion  implantation  using  heavy  ions  requires  a larger 
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energy  to  create  a submerged  amorphous  structure.  Specifically,  a 180  keV  As+ 
implantation  into  silicon  (the  maximum  energy  used  in  the  present  study)  does  not 
yet  cause  a submerged  amorphous  layer. 

The  critical  dose  for  amorphization  depends  also  on  the  mass  of  the  implanted 
ions.  This  critical  dose  $cr  for  Si+-implanted  silicon  is  between  5 x 1014  and  1 x 1015 
ions/cm2,  while  in  the  case  of  As+  implantation,  (/>cr  is  between  1 x 1014  and  5 x 1014 
ions/cm2.  No  amorphous  layers  have  been  found  for  B+  implantation  for  the 
experimental  conditions  chosen  here.  The  dose  dependence  of  the  degree  of  lattice 
damage  obeys  essentially  an  exponential  function. 

3)  The  annealing  temperature  and  annealing  time  at  which  recrystallization 
is  completed  depends  on  the  implanted  mass  and  the  implantation  dose.  Specifically, 
implantation  damage  caused  by  heavy  ions  or  higher  implantation  doses  requires 
more  thermal  energy  before  crystallinity  is  restored. 


APPENDIX  A 

MODEL  CALCULATION  OF  DIFFERNTIAL  REFLECTOGRAMS 

A detailed  derivation  of  the  calculated  differential  reflectograms  based  on  the 
classic  electromagnetic  theory  [131]  will  be  given  in  this  section. 

The  reflection  R is  defined  as  the  ratio  between  the  reflected  light  intensity 
(IT)  and  the  incident  light  intensity  (I0)  at  near-normal  light  incidence,  i.  e., 

- R = ItA>.  (A.1) 

Figure  A.1  shows  a schematic  diagram  of  the  light  reflected  from  and 
transmitted  through  an  interface  which  devides  two  media  having  indices  of 
refraction  and  nx  respectively.  In  the  case  of  normal  incidence,  the  reflection 
Fresnel  coefficient  defined  by  the  ratio  of  reflected  and  incident  amplitudes  is  given 
by 

Er  Ho  " ni 

roi  = = • (A.2) 

E0  "o  + n2 

The  ratio  of  the  transmission  wave  amplitudes,  i.e.,  the  transmission  Fresnel 
coefficient  for  light  passing  througth  from  n0  to  nj  is  given  by 

Es 

toi  = = . (A.3) 

E0  no  + nj 
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Figure  A.1. 


Schematic  diagram  of  the  light  reflected  from  and  transimitted  through  an 
interface.  E is  the  electric  field  vector. 
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In  general  the  Fresnel  coefficients  for  reflection  and  transmission  are  expressed  by 


ni  ' Hj 

rij  = • (A.4) 

ni  + Uj 


2^ 

tij  = • (A.5) 

ni  + nj 


Since  the  intensity  of  light  is  the  square  of  the  amplitude,  equation  (A.1) 

yields 


(Er)2  (no  - ni)2 

R = = . (A.6) 

(E0)2  + n,)2 


In  general  the  complex  refrective  index  ft  = n -ik,  is  used.  Then,  the 
reflectance  is  given  by 


(Er)2  (^  - n^2  + kj2 

— = . (A.7) 

(E0)2  (^  + n^2  + kx2 


As  shown  in  Figure  4.10,  the  light  intensity  is  attenuated  as  it  travells  into  the 
absorbing  film.  The  intensty  of  the  light  decreases  exponentially  by  exp(-2i5j),  where 
is  the  phase  shift  which  is  defined  as 


2ir 

= njdj.  (A.8) 

X 


160 


Where  nx  is  the  index  of  the  refraction  and  dx  is  the  thickness  of  the  film. 
The  reflected  amplitude  for  the  ion-implanted  sample  having  an  amorphous 
layer  is  given  in  the  case  of  multiple  reflection,  by 

^"implanted  — h)l  + t01r12t10exp(-2i51)  + t01t10r212r12exp(-4i51)  + ... 

toitioexp^iSj) 

= r01  + . (A.9) 

1 + r10r12exp(-2i51) 

Using  a relation  between  Fresnel  reflection  coefficient  and  Fresnel  transmission, 

Wio  = 1 ■ t^io  (A.  10) 

(A.9)  has  the  following  form 


^implanted 


% + r12exp(-2i51) 

1 + r10r12exp(-2i5j) 


(A.  11) 


The  reflected  amplitude  for  the  unimplanted  sample  is  given  by 


Thus, 


r 


unimplanted 


l01- 


(A.  12) 


R 


implanted 


= r2 


implanted 


roi  + r12exp(-2i51) 


1 + riori2exP(-2i5i) 


(A.  13) 
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R = r2  = r2 

lxunimplanted  1 unimplanted  1 01* 


The  differential  reflection  is 


(A.  14) 


AR 


2(RUni 


unimplanted  ” Rimplanted) 


R 


(Runimplanted  Rimplanted) 


(A.  15) 


The  differential  reflectivity  between  implanted  test  sample  and  unimplanted 
reference  sample  is  therefor  obtained  as 


AR  2(1  r01l  2-lr01  + r12exp(-2iS)/l  + r10r12exp(-2i5)l 2 

= • (A.16) 

R (I  r01l 2 + lr01  + r12exp(-2iS)/ 1 + r10r12exp(-2i5)l 2 


The  above  derivation  for  AR/R  for  a single  layer  can  be  extended  to  the  case 
of  multiple  layers  [141].  The  configuration  for  two  layers  is  shown  in  Figure  A.2. 
The  derivation  starts  from  the  bottom  layer.  The  effective  reflectance  Fresenl 
coefficient  for  the  second  layer  is  defined  as 

r12  + r23exp(-i252) 

Ri2  = . (A.  17) 

1 + r12r23exp(-i252) 

The  reflectance  for  the  top  layer  is 


r01  + R12exp(-i251) 

Roi  = 


1 + rl2R12exP('i25l) 


(A.  18) 
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Figure  A.2.  Configuration  of  two  layers  on  a substrate. 
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Thus,  the  reflecvity  for  two  layer  structures  is  given  by 


roi  + RnexpC-i^j) 

Rimp.anted  = I *0*  2 = < ' *•  (A-19) 

1 + r12R12exp(-i251) 


The  programs  for  single  layer  (see  below)  and  double  layers  have  been 
Fortran  to  calculate  the  differential  reflectivity  as  a function  of  wavelength  from  200 
nm  to  800  nm.  The  calculations  were  done  with  a personal  computer. 


PROGRAM  FOR  CALCULATION  OF  DIFFERENTIAL  REFLECTOGRAMS 

FOR  AN  AMORPHOUS  LAYER 


C * * * DEFINITION  OF  THE  VARIABLES  * * * 

IMPLICIT  REAL  (A  - H,  O - Z) 

COMPLEX  P01,  P12,  ATI,  NO,  Nl,  N2,  ARG1,  P02 

REAL  RDEL(IOO),  WVL(IOO),  N1R(40),  N1I(40),  N2R(40),  N2I(40),  WLD(40) 
CHARACTER*  1 YN 
EXTERNAL  FNEWT 
C ***  EXECUTABLE  CODE  *** 

OPEN(UNIT =9,  FTLE= ’INPUT.DAT’,  STATUS =’OLD’) 

OPEN(UNIT  = 1,  FILE=’DATAPRN’,  STATUS=’OLD’) 

OPEN(UNIT =2,  F1LE=’DATA2.PRN’,  STATUS=’OLD’) 

PI=3.141592653E0 
DO  1 I = 1,30 

READ(9,*)  WLD(I),  N1R(I),  N1I(I),  N2R(I),  N2I(I) 

IF(WLD(I).LT.0.0)  GOTO  9 

I CONTINUE 

9 M=I-2 
ERR=l.E-4 
WRITE(6,10) 

10  FORMAT (/I X, ’DO  YOU  WANT  TO  COMPUTE  AND  PLOT  RDEL  VS 
+WAVELENGHTH?’) 

READ(5,11)YN 

II  FORMAT(Al) 
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IF  (YN.EQ.’N’)  GO  TO  189 
WRITE  (6,12) 

12  FORMAT(lX/lX,’HOW  MANY  GRAPHS  ARE  YOU  GOING  TO  PLOT?’) 

187  READ(5,*)  NG 
IF(NG.GT.2)  THEN 

WRITE(6,13) 

13  FORMAT(lX/lX,’THE  PROGRAM  CAN  HANDLE  ONLY  UP  TO  TWO 
+ GRAPHS.’) 

GO  TO  187 
ENDIF 

IF(NG.LE.O)  GO  TO  189 
DO  2 IG  = 1,NG 
WRITE(6,15)IG 

15  FORMAT(lX/lX,’HOW  MANY  CURVES  TO  BE  PLOTTED  ON  GRAPH’, 12,’?’) 
41  READ(5,*)NC 

IF(IG.EQ.  1 )THEN 
WRITE(6,16)NC,IG 

16  FORMAT(lX/I2,  IX,1 CURVESON  GRAPH’,  Il/’OUTPUT  DATA  ARE  STORED 
+IN  FILE  "DATA.PRN’) 

ELSE 

WRITE(6,17)NC,  IG,  IG 

17  FORMAT(lX/I2,’CURVS  ON  GRAPH’, ^OUTPUT  DATA  ARE  STORED  IN 
+FTLE  "DATA’,I1,’.PRN"’) 

ENDIF 

WRITE(IG,31)NC 

31  FORMAT(lX,I2) 

DO  3 IC  = 1,NC 

188  WRITE(6, 18)IC,IG 

18  F0RMAT(1X/1X, ’ENTER  DATA  OF  CURVE’, 12,’  OF  GRAPH’, 12,’, ’/IX, ’dl  IN 
+UNIT  OF  nm’) 

READ(5,*)T1N 
WRITE(6, 19)T1  N 

19  FORMAT(lX/lX,’dl =’,G10.3,’nm’) 

IF(T1N.LT.0.0)THEN 

WRIITE(6,21) 

FORMAT(lX/lX,’d  SHOULD  NOT  BE  NEGATIVE,  ENTER  DATA  AGAIN’) 
GO  TO  188 
ENE  IF 

WRITE(IG,32)T1N 

32  FORMAT(lX,’dl=’,G10.3,’nm’) 

Tl=TlN*l.E-9 

DO  4 L=l,71 

WVL(L) = 190.0E0+ 10.0*FLOAT(L) 

FN 1 R = FNEWT(  WVL(L),  WLD,N1R,M,ERR) 
FN2R=FNEWT(WVL(L),WLD,N2R,M,ERR) 
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FN1I=4.E0*FNEWT(WVL(L),WLD,N1I,M,ERR) 

FN2R=-1.E0*FNEWT(WVL(L),WLD,N2I,M,ERR) 

N0=(1.E0,0.E0) 

N1  =CMPLX(FN1R,FN1I) 

N2=CMPLX(FN2R,FN2I) 

P01=(N0-N1)/(N0+N1) 

P02 = (N0-N2)/(N0 +N2) 

P12=(N1-N2)/(N1+N2) 

ARGl=(0.0E0,-1.0E0)*4*PI*Nl*Tl/WVL(L)*l.E-9) 

IF(CABS(ARG1).GT.50.0E0)ARG1=(50.0E0,-50.0E0) 

ATI  =CEXP(ARG1) 

R1=(CABS((P01  +P12*AT1)/(1 +P01*P12*AT1)))**2 
R2 = (CABS(P02))  * *2 
RDEL(L)=200.0E0*(R2-R1)/(R1  +R2) 

WRITE(IG,*)WVL(L),RDEL(L) 

4 CONTINUE 

WRITE(6,23)IC,IG 

23  FORMAT(lX/lX, ^COMPUTATION  OF  CURVE’, 12,’  OF  GRAPH’, 12, ’IS 
+ FINISHED.*’) 

3 CONTINUE 

WRITE(6,24)IG 

24  FORMAT(lX/lX,’**COMPUTATION  OF  GRAPH’, 12,’  IS  FINISHED.**’) 

2 CONTINUE 

NG=NG-1 

WRITE(6,25) 

25  FORMAT(lX/lX,’***ALL  GRAPH(S)  ARE  FINISHED***’) 

189  WRITE(6,26) 

26  FORMAT(lX/lX,’GOOD  BYE.’) 

STOP 

END 

C ***  FUNCTION  *** 

FUNCTION  FNEWT(X,XI,YI,M,ERR) 

IMPLICIT  REAL(A-H,0-Z) 

DIMENSION  XI(40), YI(40),FI(  10,5 1 2) 

DO  10  1=1,  M 
10  FI(1,I)=YI(I) 

CALL  LOCATE(X,XI,M,JB) 

JB=JB+3 

JB=MAX(JB,4) 

JB=MIN(JB,M) 

DO  40  1=2, M 
DO  35  J=2,5 
IF(J.GT.I)  GO  TO  35 

FI(J,I)=(FI(J-l,I)-n(J-l,I-l))/(XI(I)-XI(I-J+l)) 

35  CONTINUE 
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40  CONTINUE 
P=X-XI(JB) 

FNEWT =FI(1,JB) 

ERR=P*FI(2,JB) 

DO  200  J= 1,3 
FNEWT = FNEWT + ERR 
P=P*(X-XI(JB-J)) 

IF(2+J.GT.JB)  RETURN 
ERR=P*H(2+J,JB) 

200  CONTINUE 
RETURN 
END 

C ***  SUBROUTINE  *** 

SUBROUTINE  LOCATE(X,R,NMAX,J) 
IMPLICIT  REAL  (A-H,0-Z) 
DIMENSION  R(40),MC(9) 

DATA  MC/128,64,32, 16,8,4,2, 1/1 
J=256 

DO  20  IL=1,9 
IF(J.GT.NMAX)GO  TO  12 
IF(X.GT.R(J))  GO  TO  15 
12  J=J-MC(IL) 

GO  TO  20 
15  J=J+MC(IL) 

20  CONTINUE 

IF(J.EQ.0)RETURN 
IF(X.LT.R(J))  J=J-1 
RETURN 
END 

C ***  END  OF  THE  PROGRAM  *** 


APPENDIX  B 

DATA  FOR  THE  THICKNESS  OF  AMORPHOUS  SILICON  LAYERS 
AS  A FUNCTION  OF  THE  WAVELENGTH  OF  INTERFERENCE 

MAXIMA  AND  MINIMA 


Data  for  the  thickness  of  amorphous  silicon  layers  as  a function  of  the 
wavelength  of  interference  maxima  and  minima  are  shown  in  Tables  B.l  and  B.2. 
These  data  were  deduced  from  calculated  differential  reflectograms  (See  Appendix 
A)  and  are  also  contained  in  Figure  4.15. 

Table  B.l.  Thickness  (d)  of  amorphous  silicon  layers  as  a function  of  wavelength  (1) 
of  interference  maxima  (400  nm  - 850  nm) 


A (nm) 

^maxl  (nm) 

^max2  (nm) 

^max3  (nm)  d 

max4  (nm) 


400 

34.313 

43.22 

401 

34.494 

43.774 

402 

34.674 

44.325 

403 

34.851 

44.875 

404 

35.026 

45.423 

405 

35.199 

45.969 

406 

35.37 

46.514 

407 

35.54 

47.056 

408 

35.707 

47.597 

409 

35.872 

48.136 

410 

36.036 

48.673 

411 

36.198 

49.208 

412 

36.357 

49.742 

413 

36.515 

50.274 

414 

36.672 

50.804 

415 

36.826 

51.332 

416 

36.979 

51.859 

417 

37.13 

52.384 

418 

37.279 

52.907 

419 

37.427 

53.428 

167 


421 

422 

423 

424 

425 

426 

427 

428 

429 

430 

431 

432 

433 

434 

435 

436 

437 

438 

439 

440 

441 

442 

443 

444 

445 

446 

447 

448 

449 

450 

451 

452 

453 

454 

455 

456 

457 

458 

459 

460 

461 

462 

463 


168 


^maxl  (nm) 

^max2  (nm)  ^max3  (nm) 

^max4  (nm) 


37.572 

53.948 

37.717 

54.466 

37.859 

54.982 

38 

55.497 

38.14 

56.01 

38.278 

56.521 

38.414 

57.031 

38.549 

57.539 

38.683 

58.045 

38.815 

58.55 

38.945 

59.053 

39.074 

59.554 

39.202 

60.054 

39.328 

60.552 

39.453 

61.049 

39.577 

61.544 

39.7 

62.037 

39.821 

62.529 

39.941 

63.019 

40.059 

63.508 

40.177 

63.995 

40.293 

64.481 

40.408 

64.965 

40.522 

65.447 

40.635 

65.928 

40.746 

66.408 

40.857 

66.886 

40.966 

67.362 

41.075 

67.837 

41.182 

68.31 

41.289 

68.782 

41.395 

69.253 

41.499 

69.722 

41.603 

70.189 

41.706 

70.655 

41.808 

71.12 

41.909 

71.583 

42.009 

72.045 

42.108 

72.505 

42.207 

72.964 

42.305 

73.422 

42.402 

73.878 

42.499 

74.333 

42.594 

74.786 

42.69 

75.238 

42.784 

75.689 

42.878 

76.138 

42.971 

76.586 

X (nn 

468 

469 

470 

471 

472 

473 

474 

475 

476 

477 

478 

479 

480 

481 

482 

483 

484 

485 

486 

487 

488 

489 

490 

491 

492 

493 

494 

495 

496 

497 

498 

499 

500 

501 

502 

503 

504 

505 

506 

507 

508 

509 

510 

511 

512 

513 

514 

515 
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^maxl  (nm) 

^max2  (nm)  ^max3  (nm) 

^max4  (nm) 


43.064 

77.033 

43.156 

77.478 

43.247 

77.922 

43.338 

78.364 

43.429 

78.806 

43.519 

79.246 

43.608 

79.684 

43.698 

80.121 

43.786 

80.558 

43.875 

80.992 

43.963 

81.426 

44.051 

81.858 

44.138 

82.289 

44.225 

82.719 

44.312 

83.147 

44.399 

83.575 

44.485 

84.001 

44.571 

84.426 

44.657 

84.849 

44.743 

85.272 

44.829 

85.693 

44.914 

86.113 

45 

86.532 

45.085 

86.949 

45.171 

87.366 

45.256 

87.781 

45.342 

88.195 

45.427 

88.608 

45.513 

89.02 

45.598 

89.431 

45.684 

89.841 

45.77 

90.249 

45.856 

90.657 

45.942 

91.063 

46.028 

91.469 

46.114 

91.873 

46.201 

92.276 

46.288 

92 . 678 

46.375 

93.079 

46.463 

93.479 

46.55 

93.878 

46.639 

94.276 

46.727 

94.672 

46.816 

95.068 

46.905 

95.463 

46.995 

95.857 

47.085 

96.25 

47.176 

96.641 

X (nn 

516 

517 

518 

519 

520 

521 

522 

523 

524 

525 

526 

527 

528 

529 

530 

531 

532 

533 

534 

535 

536 

537 

538 

539 

540 

541 

542 

543 

544 

545 

546 

547 

548 

549 

550 

551 

552 

553 

554 

555 

556 

557 

558 

559 

560 

561 

562 

563 
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^maxl  (nm) 

dmax2  (nm) 

dmax3  (nm) 

^max4  (nm) 

47.267 

97.032 

47.359 

97.422 

47.451 

97.811 

47.544 

98.199 

47.637 

98.586 

47.731 

98.972 

47.826 

99.357 

47.921 

99.741 

48.017 

100.12 

48.114 

100.51 

48.212 

100.89 

48.31 

101.27 

48.409 

101.65 

48.508 

102.03 

48.609 

102.41 

48.71 

102.78 

169.59 

48.812 

103.16 

169.59 

48.916 

103.53 

169.61 

49.02 

103.91 

169.64 

49.124 

104.28 

169.7 

49.23 

104.65 

169.76 

49.337 

105.03 

169.85 

49.445 

105.4 

169.94 

49.554 

105.77 

170.06 

49.664 

106.14 

170.19 

49.775 

106.51 

170.34 

49.887 

106.87 

170.5 

50 

107.24 

170.67 

50.093 

107.61 

170.86 

50.189 

107.97 

171.06 

50.288 

108.34 

171.28 

50.391 

108.7 

171.51 

50.496 

109.06 

171.76 

50.604 

109.43 

172.02 

50.714 

109.79 

172.29 

50.828 

110.15 

172.57 

50.944 

110.51 

172.87 

51.064 

110.87 

173.17 

51.185 

111.23 

173.49 

51.31 

111.59 

173.82 

51.437 

111.95 

174.17 

51.567 

112.3 

174.52 

239.98 

51.699 

112.66 

174.88 

240.04 

51.834 

113.01 

175.26 

240.15 

51.971 

113.37 

175.64 

240.3 

52.111 

113.72 

176.04 

240.5 

52.253 

114.08 

176.44 

240.74 

52.397 

114.43 

176.86 

241.02 

k (nn 

564 

565 

566 

567 

568 

569 

570 

571 

572 

573 

574 

575 

576 

577 

578 

579 

580 

581 

582 

583 

584 

585 

586 

587 

588 

589 

590 

591 

592 

593 

594 

595 

596 

597 

598 

599 

600 

601 

602 

603 

604 

605 

606 

607 

608 

609 

610 

611 
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dmaxl  (nm) 

dmax2  (nm) 

dmax3  (nm) 

dmax4  (nm) 

52.544 

114.78 

177.28 

241.34 

52.693 

115.13 

177.71 

241.7 

52.845 

115.49 

178.15 

242.1 

52.998 

115.84 

178.6 

242.53 

53.154 

116.19 

179.06 

243 

53.312 

116.54 

179.53 

243.5 

53.472 

116.89 

180 

244.03 

53.634 

117.23 

180.65 

244.59 

53.798 

117.58 

181.29 

245.18 

53.964 

117.93 

181.93 

245.8 

54.132 

118.28 

182.56 

246.44 

54.302 

118.62 

183.18 

247.11 

54.474 

118.97 

183.8 

247.8 

54.647 

119.31 

184.41 

248.51 

54.823 

119.66 

185.01 

249.25 

55 

120 

185.61 

250 

55.206 

120.34 

186.21 

250.88 

55.412 

120.69 

186.79 

251.75 

55.616 

121.03 

187.38 

252.61 

55.82 

121.37 

187.95 

253.47 

56.023 

121.71 

188.53 

254.31 

56.224 

122.05 

189.09 

255.15 

56.425 

122.4 

189.66 

255.98 

56.626 

122.74 

190.21 

256.8 

56.825 

123.08 

190.77 

257.61 

57.023 

123.41 

191.31 

258.42 

57.221 

123.75 

191.86 

259.21 

57.418 

124.09 

192.39 

260 

57.614 

124.43 

192.93 

260.83 

57.809 

124.77 

193.46 

261.65 

58.004 

125.11 

193.98 

262.45 

58.197 

125.44 

194.5 

263.25 

58.39 

125.78 

195.02 

264.03 

58.582 

126.12 

195.54 

264.8 

58.774 

126.45 

196.05 

265.56 

58.964 

126.79 

196.55 

266.31 

59.154 

127.12 

197.05 

267.05 

59.343 

127.46 

197.55 

267.77 

59.532 

127.79 

198.05 

268.49 

59.72 

128.13 

198.54 

269.2 

59.907 

128.46 

199.03 

269.9 

60.093 

128.79 

199.52 

270.58 

60.279 

129.13 

200 

271.26 

60.464 

129.46 

200.46 

271.94 

60.648 

129.79 

200.92 

272.6 

60.832 

130.12 

201.38 

273.25 

61.015 

130.46 

201.83 

273.9 

61.197 

130.79 

202.29 

274.54 

X (nn 

612 

613 

614 

615 

616 

617 

618 

619 

620 

621 

622 

623 

624 

625 

626 

627 

628 

629 

630 

631 

632 

633 

634 

635 

636 

637 

638 

639 

640 

641 

642 

643 

644 

645 

646 

647 

648 

649 

650 

651 

652 

653 

654 

655 

656 

657 

658 

659 
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dmaxl  (nm) 

dmax2  (nm) 

dmax3  (nm) 

^max4  (nm) 

61.379 

131.12 

202.74 

275.17 

61.56 

131.45 

203.2 

275.8 

61.741 

131.78 

203 . 65 

276.42 

61.921 

132.11 

204.11 

277.03 

62.1 

132.44 

204.56 

277.63 

62.279 

132.77 

205.01 

278.23 

62.457 

133.1 

205.46 

278.83 

62.635 

133.43 

205.91 

279.42 

62.812 

133.76 

206.36 

280 

62.988 

134.09 

206.81 

280.41 

63.164 

134.42 

207.26 

280.84 

63.34 

134.75 

207.71 

281.27 

63.515 

135.08 

208.16 

281.71 

63.689 

135.41 

208.61 

282.16 

63.863 

135.74 

209.06 

282.63 

64.036 

136.07 

209.51 

283.1 

64.209 

136.39 

209.96 

283.58 

64.382 

136.72 

210.41 

284.07 

64.554 

137.05 

210.86 

284.56 

64.725 

137.38 

211.31 

285.07 

64.896 

137.71 

211.76 

285.58 

65.067 

138.04 

212.21 

286.11 

65.237 

138.36 

212.66 

286.64 

65.407 

138.69 

213.11 

287.18 

65.576 

139.02 

213.57 

287.72 

65.745 

139.35 

214.02 

288.28 

65.914 

139.67 

214.47 

288.84 

66.082 

140 

214.93 

289.41 

66.25 

140.31 

215.38 

289.98 

66.417 

140.62 

215.84 

290.56 

66.584 

140.94 

216.3 

291.15 

66.751 

141.25 

216.76 

291.75 

66.918 

141.56 

217.22 

292.35 

67.084 

141.88 

217.68 

292.96 

67.249 

142.19 

218.14 

293.57 

67.415 

142.51 

218.6 

294.19 

67.58 

142.83 

219.07 

294.82 

67.745 

143 . 14 

219.53 

295.45 

67.909 

143.46 

220 

296.08 

68.074 

143.78 

220.43 

296.72 

68.238 

144.1 

220.87 

297.37 

68.401 

144.42 

221.32 

298.02 

68.565 

144.74 

221.77 

298.68 

68.728 

145.06 

222.23 

299.34 

68.891 

145.39 

222.69 

300 

69.054 

145.71 

223.16 

300.73 

69.216 

146.03 

223.64 

301.45 

69.379 

146.36 

224.12 

302 . 18 

173 


k (nm) 

dmaxl  (nm) 

dmax2  (nm) 

dmax3  (nm) 

dmax4  (nm) 

660 

69.541 

146.68 

224.61 

302.9 

661 

69.703 

147.01 

225.11 

303.62 

662 

69.865 

147.34 

225.6 

304.33 

663 

70.026 

147.67 

226.11 

305.05 

664 

70.188 

147.99 

226.61 

305.76 

665 

70.349 

148.32 

227.13 

306.47 

666 

70.51 

148.65 

227.64 

307.18 

667 

70.671 

148.98 

228.16 

307.88 

668 

70.832 

149.31 

228.68 

308.59 

669 

70.993 

149.64 

229.21 

309.29 

670 

71.153 

149.97 

229.74 

309.99 

671 

71.314 

150.31 

230.29 

310.69 

672 

71.474 

150.64 

230.86 

311.39 

673 

71.635 

150.97 

231.42 

312.09 

674 

71.795 

151.31 

231.98 

312.78 

675 

71.955 

151.64 

232.54 

313.47 

676 

72.116 

151.98 

233.09 

314.17 

677 

72.276 

152.31 

233.64 

314.86 

678 

72.436 

152.65 

234.19 

315.55 

679 

72.596 

152.99 

234.73 

316.23 

680 

72.756 

153.32 

235.27 

316.92 

681 

72.916 

153.66 

235.81 

317.61 

682 

73.076 

154 

236.34 

318.29 

683 

73.236 

154.34 

236.87 

318.98 

684 

73.396 

154.68 

237.4 

319.66 

685 

73.556 

155.02 

237.92 

320.33 

686 

73.716 

155.36 

238.45 

321 

687 

73.877 

155.7 

238.97 

321.66 

688 

74.037 

156.04 

239.49 

322.33 

689 

74.197 

156.38 

240 

323 

690 

74.358 

156.73 

240.51 

323.67 

691 

74.518 

157.07 

241.01 

324.34 

692 

74.679 

157.41 

241.52 

325.01 

693 

74.839 

157.76 

242.02 

325.69 

694 

75 

158.1 

242.52 

326.36 

695 

75.161 

158.44 

243.03 

327.04 

696 

75.322 

158.79 

243.53 

327.71 

697 

75.483 

159.14 

244.03 

328.39 

698 

75.644 

159.48 

244.53 

329.07 

699 

75.805 

159.83 

245.03 

329.74 

700 

75.967 

160.19 

245.53 

330.42 

701 

76.129 

160.57 

246.03 

331.1 

702 

76.291 

160.94 

246.52 

331.78 

703 

76.453 

161.32 

247.02 

332.47 

704 

76.615 

161.69 

247.52 

333.15 

705 

76.778 

162 . 06 

248 . 01 

333.83 

706 

76.94 

162.43 

248.51 

334.51 

707 

77.103 

162.8 

249.01 

335.2 

708 

77.266 

163.17 

249.5 

335.88 

X (nrr 

709 

710 

711 

712 

713 

714 

715 

716 

717 

718 

719 

720 

721 

722 

723 

724 

725 

726 

727 

728 

729 

730 

731 

732 

733 

734 

735 

736 

737 

738 

739 

740 

741 

742 

743 

744 

745 

746 

747 

748 

749 

750 

751 

752 

753 

754 

755 

756 

757 
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dmaxl  (nm) 

dmax2  (nm) 

dmax3  (nm) 

dmaX4  (nm) 

77.43 

163.54 

250 

336.57 

77.593 

163.9 

250.48 

337.25 

77.757 

164.27 

250.96 

337.94 

77.922 

164.63 

251.45 

338.63 

78.086 

164.99 

251.93 

339.31 

78.251 

165.36 

252.42 

340 

78.416 

165.72 

252.91 

340.71 

78.581 

166.08 

253.41 

341.41 

78.747 

166.44 

253.9 

342.11 

78.913 

166.8 

254.4 

342.8 

79.079 

167.15 

254.9 

343.5 

79.246 

167.51 

255.4 

344.19 

79.413 

167.87 

255.9 

344.88 

79.58 

168.22 

256.41 

345.56 

79.748 

168.58 

256.92 

346.25 

79.916 

168.93 

257.43 

346.93 

80.084 

169.28 

257.94 

347.62 

80.253 

169.64 

258.45 

348.3 

80.422 

169.99 

258.97 

348.98 

80.592 

170.34 

259.48 

349.66 

80.762 

170.69 

260 

350.32 

80.933 

171.04 

260.53 

350.98 

81.104 

171.39 

261.07 

351.64 

81.275 

171.74 

261.6 

352.3 

81.447 

172.09 

262.13 

352.98 

81.619 

172.43 

262.67 

353.65 

81.792 

172.78 

263.2 

354.34 

81.965 

173 . 13 

263.74 

355.03 

82.139 

173.48 

264.27 

355.73 

82.313 

173.82 

264.81 

356.43 

82.488 

174.17 

265.35 

357.13 

82.664 

174.51 

265.89 

357.84 

82.839 

174.86 

266.42 

358.56 

83.016 

175.2 

266.96 

359.28 

83.193 

175.55 

267.5 

360 

83.37 

175.89 

268.04 

360.74 

83.548 

176.23 

268.58 

361.48 

83.727 

176.58 

269.12 

362.21 

83 . 906 

176.92 

269.66 

362.95 

84 . 086 

177.26 

270.2 

363.69 

84.266 

177.6 

270.74 

364.43 

84.447 

177.95 

271.29 

365.18 

84.629 

178 .29 

271.83 

365.92 

84.811 

178.63 

272.37 

366.66 

84.994 

178 . 97 

272.91 

367.4 

85.177 

179.32 

273.46 

368.14 

85.361 

179.66 

274 

368.89 

85.546 

180 

274.55 

369.63 

85.732 

180.34 

275.09 

370.38 

763 

764 

765 

766 

767 

768 

769 

770 

771 

772 

773 

774 

775 

776 

777 

778 

779 

780 

781 

782 

783 

784 

785 

786 

787 

788 

789 

790 

791 

792 

793 

794 

795 

796 

797 

798 
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Laxi  (nm) 

dmax2  (nm) 

dmax3  (nm) 

dmax4  (nm) 

85.918 

180.68 

275.63 

371.13 

86.105 

181.03 

276.18 

371.88 

86.292 

181.37 

276.72 

372.63 

86.48 

181.71 

277.27 

373.37 

86.669 

182.05 

277.82 

374.12 

86.859 

182.4 

278.36 

374.86 

87.05 

182.74 

278.91 

375.6 

87.241 

183.08 

279.45 

376.34 

87.433 

183.43 

280 

377.07 

87.625 

183.77 

280.64 

377.81 

87.819 

184.11 

281.27 

378.54 

88.013 

184.46 

281.9 

379.27 

88.208 

184.8 

282.52 

380 

88.404 

185.14 

283.13 

380.74 

88.6 

185.49 

283.74 

381.49 

88.798 

185.83 

284.33 

382.22 

88.996 

186.18 

284.93 

382.96 

89.195 

186.53 

285.51 

383.69 

89.395 

186.87 

286.09 

384.42 

89.596 

187.22 

286.67 

385.14 

89.798 

187.57 

287.23 

385.87 

90 

187.91 

287.8 

386.59 

90.203 

188.26 

288.35 

387.31 

90.408 

188.61 

288.91 

388.03 

90.613 

188.96 

289.46 

388.74 

90.819 

189.31 

290 

389.45 

91.026 

189.66 

290.54 

390.16 

91.234 

190.01 

291.07 

390.87 

91.443 

190.36 

291.61 

391.58 

91.652 

190.72 

292.13 

392.29 

91.863 

191.07 

292.66 

392.99 

92.075 

191.42 

293.18 

393.7 

92.287 

191.78 

293.7 

394.4 

92.501 

192.13 

294.21 

395.1 

92.715 

192.49 

294.73 

395.8 

92.931 

192.85 

295.24 

396.5 

93.148 

193.2 

295.74 

397.2 

93.365 

193.56 

296.25 

397.9 

93.584 

193.92 

296.75 

398.6 

93.804 

194.28 

297.26 

399.3 

94.024 

194.64 

297.76 

400 

94.246 

195.01 

298.26 

400.77 

94.469 

195.37 

298.76 

401.52 

94.693 

195.73 

299.25 

402.28 

94.917 

196.1 

299.75 

403.02 

95.143 

196.47 

300.35 

403.76 

95.371 

196.83 

301.03 

404.49 

95.599 

197.2 

301.7 

405.22 

95.828 

197.57 

302.34 

405.94 

811 

812 

813 

814 

815 

816 

817 

818 

819 

820 

821 

822 

823 

824 

825 

826 

827 

828 

829 

830 

831 

832 

833 

834 

835 

836 

837 

838 

839 

840 

841 

842 

843 

844 

845 

846 

847 

848 

849 

850 

851 

852 

853 

854 
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dmaxl  (nm) 

dmax2  (nm) 

dmax3  (nm) 

^max4  (nm) 

96.058 

197.94 

302.98 

406.66 

96.29 

198.31 

303.6 

407.38 

96.523 

198.69 

304.21 

408.09 

96.757 

199.06 

304.8 

408.79 

96.992 

199.44 

305.38 

409.5 

97.228 

199.81 

305.95 

410.2 

97.465 

200.19 

306.51 

410.9 

97.704 

200.57 

307.07 

411.6 

97.943 

200.95 

307.61 

412.3 

98.184 

201.33 

308.14 

412.99 

98.426 

201.71 

308.66 

413.69 

98.67 

202.1 

309.18 

414.39 

98.914 

202.48 

309.69 

415.08 

99.16 

202.87 

310.2 

415.78 

99.407 

203.26 

310.7 

416.48 

99.655 

203.65 

311.2 

417.18 

99.905 

204.04 

311.69 

417.88 

100.16 

204.43 

312.18 

418.58 

100.41 

204.83 

312.67 

419.29 

100.66 

205.22 

313.16 

420 

100.92 

205.62 

313.65 

420.71 

101.17 

206.02 

314.14 

421.43 

101.43 

206.42 

314.63 

422.16 

101.69 

206.82 

315.12 

422.88 

101.95 

207.23 

315.61 

423.62 

102.21 

207.63 

316.11 

424.35 

102.47 

208.04 

316.61 

425.1 

102.74 

208.45 

317.11 

425.85 

103 

208.86 

317.62 

426.61 

103.27 

209.28 

318.14 

427.37 

103.54 

209.69 

318.66 

428.14 

103.81 

210.11 

319.19 

428.93 

104.08 

210.52 

319.73 

429.71 

104.35 

210.94 

320.28 

430.51 

104.62 

211.37 

320.83 

431.32 

104.9 

211.79 

321.4 

432.14 

105.17 

212.22 

321.98 

432.97 

105.45 

212.64 

322.57 

433.8 

105.73 

213.07 

323.17 

434.65 

106.01 

213.5 

323.79 

435.51 

106.3 

213.94 

324.42 

436.39 

106.58 

214.37 

325.06 

437.27 

106.87 

214.81 

325.72 

438.17 

107.15 

215.25 

326.4 

439.08 

107.44 

215.69 

327.09 

440 

107.73 

216.14 

327.8 

440.94 

108.02 

216.58 

328.53 

441.89 

108.32 

217.03 

329.28 

442.86 

X (n 

855 

856 

857 

858 

859 

860 

861 

862 

863 

864 

865 

866 

867 

868 

869 

870 

871 

872 

873 

874 

875 

876 

877 

878 

879 

880 

881 

882 

883 

884 

885 

886 

887 

888 

889 

890 

891 

892 

893 

894 

895 

896 

897 
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dmaxl  (nm) 

dmax2  (nm) 

dmax3  (nm) 

dmaX4  (nm) 

108.61 

217.48 

330.04 

443.84 

108.91 

217.94 

330.83 

444.83 

109.2 

218.39 

331.64 

445.84 

109.5 

218.85 

332.47 

446.87 

109.8 

219.31 

333.33 

447.92 

110.11 

219.77 

334.2 

448.98 

110.41 

220.23 

335.11 

450.06 

110.72 

220.7 

336.03 

451.16 

111.02 

221.17 

336.98 

452.27 

111.33 

221.64 

337.96 

453.41 

111.64 

222.11 

338.97 

454.56 

111.96 

222.59 

340 

455.74 

112.27 

223.07 

341.06 

456.93 

112.58 

223.55 

342.15 

458.14 

112.9 

224.03 

343.27 

459.38 

113.22 

224.52 

344.42 

460.63 

113.54 

225.01 

345.61 

461.91 

113.86 

225.5 

346.82 

463.21 

114.19 

225.99 

348.07 

464.53 

114.51 

226.49 

349.35 

465.87 

114.84 

226.99 

350.66 

467.24 

115.17 

227.49 

352.01 

468.63 

115.5 

227.99 

353.4 

470.04 

115.83 

228.5 

354.82 

471.48 

116.17 

229.01 

356.28 

472.94 

116.5 

229.52 

357.77 

474.43 

116.84 

230.04 

359.31 

475.95 

117.18 

230.56 

360.88 

477.49 

117.52 

231.08 

362.5 

479.05 

117.87 

231.6 

364.15 

480.65 

118.21 

232.13 

365.85 

482.27 

118.56 

232.66 

367.59 

483.92 

118.91 

233.19 

369.37 

485.59 

119.26 

233.73 

371.2 

487.3 

119.61 

234.26 

373.07 

489.03 

119.97 

234.81 

374.98 

490.8 

120.32 

235.35 

376.94 

492.59 

120.68 

235.9 

378.95 

494.41 

121.04 

236.45 

381 

496.26 

121.4 

237 

383.11 

498.15 

121.77 

237.56 

385.26 

500.06 

122.13 

238.12 

387.46 

502.01 

122.5 

238.68 

389.71 

503.99 

122.87 

239.25 

392.01 

506 

123.24 

239.81 

394.36 

508.05 

123.62 

240.39 

396.77 

510.12 
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Table  B.2.  Thickness  (d)  of  amorphous  silicon  layers  as  a function  of  wavelength  (X)  of 
interference  minima  (400  nm  - 900  nm) 


X (nm) 

^minl  (nm) 

^min2  (nm) 

^min3  (nm) 

^min4  (nm) 


400 

4.109 

24.452 

401 

3.576 

25.051 

402 

3.095 

25.645 

403 

2.667 

26.235 

404 

2.288 

26.82 

405 

1.956 

27.402 

406 

1.67 

27.98 

407 

1.428 

28.553 

408 

1.227 

29.122 

409 

1.066 

29.688 

410 

0.942 

30.249 

411 

0.853 

30.806 

412 

0.798 

31.36 

413 

0.774 

31.909 

414 

0.779 

32.455 

415 

0.812 

32.996 

416 

0.87 

33.534 

417 

0.951 

34.068 

418 

1.054 

34.598 

419 

1.175 

35.124 

420 

1.314 

35.647 

421 

1.468 

36.165 

422 

1.635 

36.681 

423 

1.813 

37.192 

424 

2 

37.7 

425 

2.215 

38.204 

426 

2.422 

38.704 

427 

2.62 

39.201 

428 

2.813 

39.694 

429 

3 

40.184 

430 

3.172 

40.67 

431 

3.349 

41.152 

432 

3.53 

41.632 

433 

3.715 

42.107 

434 

3.904 

42.58 

435 

4.1 

43.049 

4.36 

4.299 

43.514 

437 

4.499 

43.976 

438 

4.699 

44.435 

439 

4.9 

44.891 

440 

5.107 

45.343 

441 

5.321 

45.792 

442 

5.534 

46.238 

443 

5.745 

46.68 

X (iut 

444 

445 

446 

447 

448 

449 

450 

451 

452 

453 

454 

455 

456 

457 

458 

459 

460 

461 

462 

463 

464 

465 

466 

467 

468 

469 

470 

471 

472 

473 

474 

475 

476 

477 

478 

479 

480 

481 

482 

483 

484 

485 

486 

487 

488 

489 

490 

491 


179 


^minl  (nm) 

^min2  (ran) 

^min3  (ran) 

^min4  (nm) 


5.955 

47.12 

6.164 

47.556 

6.372 

47.989 

6.578 

48.419 

6.783 

48.846 

6.987 

49.27 

7.19 

49.691 

7.392 

50.109 

7.592 

50.524 

7.792 

50.936 

7.99 

51.345 

8.187 

51.751 

8.382 

52.154 

8.577 

52.554 

8.77 

52.952 

8.963 

53.347 

9.154 

53.738 

9.344 

54.128 

9.533 

54.514 

9.72 

54.898 

9.907 

55.279 

10.124 

55.657 

10.37 

56.033 

10.611 

56.406 

10.849 

56.777 

11.083 

57.145 

11.314 

57.51 

11.541 

57.873 

11.764 

58.234 

11.984 

58.592 

12.2 

58.948 

12.413 

59.301 

12.623 

59.652 

12.829 

60 

13.031 

60.346 

13.231 

60.69 

13.427 

61.031 

13.62 

61.371 

13.81 

61.708 

13.997 

62.043 

14.181 

62.375 

14.362 

62.706 

14.539 

63.034 

14.714 

63.36 

14.886 

63.684 

15.055 

64 . 006 

15.222 

64.326 

15.385 

64.644 

492 

493 

494 

495 

496 

497 

498 

499 

500 

501 

502 

503 

504 

505 

506 

507 

508 

509 

510 

511 

512 

513 

514 

515 

516 

517 

518 

519 

520 

521 

522 

523 

524 

525 

526 

527 

528 

529 

530 

531 

532 

533 
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dmini  (nm) 

dmi„2  (nm) 

dmin3  (nm) 

dmin4  (nm) 

15.546 

64.96 

102.45 

15.704 

65.274 

103.41 

15.859 

65.586 

104.35 

16.012 

65.897 

105.29 

16.162 

66.205 

106.21 

16.31 

66.511 

107.12 

16.455 

66.816 

108.03 

16.598 

67.119 

108.92 

16.738 

67.42 

109.8 

16.877 

67.719 

110.67 

17.012 

68.016 

111.53 

17.146 

68.312 

112.39 

17.277 

68.606 

113.23 

17.406 

68.899 

114.06 

17.533 

69.189 

114.88 

177.2 

17.658 

69.478 

115.7 

177.24 

17.78 

69.766 

116.5 

177.33 

17.901 

70.052 

117.29 

177.46 

18.02 

70.336 

118.08 

177.64 

18.137 

70.619 

118.85 

177.85 

18.252 

70.901 

119.62 

178.11 

18.365 

71.181 

120.38 

178.41 

18.476 

71.459 

121.13 

178.75 

18.585 

71.736 

121.87 

179.13 

18.693 

72.012 

122.6 

179.55 

18.799 

72.286 

123.32 

180 

18.904 

72.559 

124.04 

180.49 

19.006 

72.831 

124.74 

181.01 

19.108 

73 . 101 

125.44 

181.56 

19.207 

73.37 

126.13 

182 . 14 

19.306 

73.638 

126.81 

182.76 

19.403 

73.904 

127.49 

183.4 

19.498 

74.17 

128.15 

184.07 

19.592 

74.434 

128.81 

184.77 

19.685 

74.697 

129.46 

185.49 

19.776 

74.959 

130.11 

186.23 

19.867 

75.22 

130.74 

187 

19.956 

75.48 

131.37 

187.79 

20.044 

75.738 

131.99 

188.6 

20.131 

75.996 

132.61 

189.44 

20.217 

76.253 

133.22 

190.28 

20.301 

76.509 

133.82 

191.15 

20.385 

76.763 

134.41 

192.03 

20.468 

77.017 

135 

192.93 

20.55 

77.27 

135.58 

193.84 

20.631 

77.522 

136.15 

194.76 

20.712 

77.773 

136.72 

195.69 

20.791 

78.024 

137.28 

196.64 

20.87 

78.273 

137.84 

197.59 
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. (nm) 

dmini  (nm) 

dmin2  (nm) 

dmin3  (nm) 

dmin4  (nm) 

541 

20.948 

78.522 

138.39 

198.55 

542 

21.026 

78.77 

138.93 

199.52 

543 

21.103 

79.017 

139.47 

200.69 

544 

21.179 

79.264 

140 

202.03 

545 

21.255 

79.51 

140.49 

203.33 

546 

21.331 

79.755 

140.98 

204.57 

547 

21.406 

80 

141.47 

205.76 

548 

21.48 

80.137 

141.95 

206.91 

549 

21.555 

80.279 

142.43 

208.02 

550 

21.629 

80.423 

142.9 

209.08 

551 

21.702 

80.571 

143.38 

210.1 

552 

21.776 

80.723 

143.85 

211.07 

553 

21.849 

80.878 

144.31 

212.01 

554 

21.922 

81.036 

144.78 

212.91 

555 

21.995 

81.198 

145.24 

213.77 

556 

22.068 

81.364 

145.7 

214.59 

557 

22.141 

81.532 

146.15 

215.38 

558 

22.215 

81.704 

146.61 

216.13 

559 

22.288 

81.879 

147.06 

216.85 

560 

22.361 

82.058 

147.5 

217.54 

561 

22.434 

82.239 

147.95 

218.2 

562 

22.508 

82.424 

148.39 

218.83 

563 

22.582 

82.612 

148.83 

219.43 

564 

22.656 

82.803 

149.27 

220 

565 

22.73 

82.997 

149.7 

220.27 

566 

22.805 

83.194 

150.14 

220.54 

567 

22.881 

83.394 

150.57 

220.82 

568 

22.956 

83.597 

151 

221.11 

569 

23.032 

83.803 

151.42 

221.41 

570 

23.109 

84.012 

151.85 

221.72 

571 

23.186 

84.224 

152.27 

222.03 

572 

23.264 

84.439 

152.69 

222.36 

573 

23.343 

84.656 

153.11 

222.69 

574 

23.422 

84.876 

153.53 

223.02 

575 

23.502 

85.099 

153.94 

223.37 

576 

23.583 

85.325 

154.36 

223.72 

577 

23.665 

85.553 

154.77 

224.08 

578 

23.747 

85.784 

155.18 

224.45 

579 

23.831 

86.018 

155.59 

224.82 

580 

23.915 

86.254 

156 

225.2 

581 

24 

86.493 

156.4 

225.59 

582 

24.087 

86.734 

156.81 

225.98 

583 

24.174 

86.978 

157.21 

226.38 

584 

24.263 

87.225 

157.61 

226.78 

585 

24.353 

87.473 

158.01 

227.2 

586 

24.444 

87.724 

158.41 

227.61 

587 

24.536 

87.978 

158.81 

228.03 

588 

24.63 

88.234 

159.21 

228.46 

593 

594 

595 

596 

597 

598 

599 

600 

601 

602 

603 

604 

605 

606 

607 

608 

609 

610 

611 

612 

613 

614 

615 

616 

617 

618 

619 

620 

621 

622 

623 

624 

625 

626 

627 

628 

629 

630 
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^minl  (om) 

dmin2  (nm) 

dmin3  (nm) 

dmin4  (nin) 

24.724 

88.492 

159.61 

228.9 

24.821 

88.752 

160 

229.33 

24.918 

89.014 

160.32 

229.78 

25.017 

89.279 

160.64 

230.26 

25.118 

89.546 

160.96 

230.77 

25.22 

89.815 

161.29 

231.27 

25.324 

90.086 

161.62 

231.77 

25.429 

90.359 

161.96 

232.27 

25.536 

90.635 

162.3 

232.77 

25.645 

90.912 

162.64 

233.26 

25.755 

91.191 

162.99 

233.74 

25.868 

91.472 

163.34 

234.23 

25.982 

91.755 

163.69 

234.71 

26.098 

92.04 

164.05 

235.2 

26.216 

92.327 

164.41 

235.68 

26.336 

92.616 

164.77 

236.16 

26.457 

92.906 

165.14 

236.64 

26.581 

93.198 

165.51 

237.11 

26.707 

93.492 

165.89 

237.59 

26.836 

93.787 

166.27 

238.07 

26.966 

94.085 

166.65 

238.55 

27.098 

94.383 

167.03 

239.03 

27.233 

94.684 

167.42 

239.52 

27.37 

94.986 

167.81 

240 

27.509 

95.289 

168.2 

240.41 

27.651 

95.594 

168.6 

240.83 

27.795 

95.9 

169 

241.27 

27.942 

96.208 

169.4 

241.72 

28.091 

96.517 

169.8 

242.19 

28.243 

96.828 

170.21 

242.67 

28.397 

97.139 

170.62 

243.17 

28.554 

97.453 

171.03 

243.67 

28.714 

97.767 

171.45 

244.19 

28.876 

98.082 

171.87 

244.73 

29.041 

98.399 

172.29 

245.27 

29.209 

98.717 

172.71 

245.83 

29.38 

99.036 

173.14 

246.4 

29.553 

99.356 

173.56 

246.97 

29.73 

99.678 

173.99 

247.56 

29.909 

100 

174.43 

248.16 

30.092 

100.38 

174.86 

248.76 

30.277 

100.76 

175.3 

249.38 

30.466 

101.13 

175.74 

250 

30.657 

101.5 

176.18 

250.68 

30.852 

101.87 

176.62 

251.37 

31.051 

102.24 

177.06 

252.04 

31.252 

102.61 

177.51 

252.72 

31.457 

102.97 

177.96 

253.39 
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l (nm) 

dminl  (nm) 

dmin2  (nm) 

dmi„3  (nm) 

dmin4  (nm) 

637 

31.665 

103.33 

178.41 

254.06 

638 

31.876 

103.69 

178.86 

254.73 

639 

32.091 

104 . 05 

179.32 

255.4 

640 

32.309 

104.41 

179.77 

256.06 

641 

32.531 

104.77 

180.25 

256.73 

642 

32.756 

105.12 

180.74 

257.38 

643 

32.985 

105.47 

181.24 

258.04 

644 

33.218 

105.82 

181.73 

258.7 

645 

33.454 

106.17 

182.22 

259.35 

646 

33.694 

106.52 

182.71 

260 

647 

33.938 

106.86 

183.2 

260.65 

648 

34.186 

107.21 

183.68 

261.29 

649 

34.437 

107.55 

184.17 

261.93 

650 

34.692 

107.89 

184.66 

262.57 

651 

34.952 

108.23 

185.14 

263.21 

652 

35.215 

108.57 

185.63 

263.85 

653 

35.482 

108.9 

186.11 

264.49 

654 

35.753 

109.24 

186.59 

265.12 

655 

36.029 

109.57 

187.07 

265.76 

656 

36.308 

109.9 

187.55 

266.39 

657 

36.592 

110.23 

188.03 

267.02 

658 

36.88 

110.56 

188.51 

267.65 

659 

37.172 

110.89 

188.99 

268.27 

660 

37.468 

111.22 

189.46 

268.9 

661 

37.769 

111.55 

189.94 

269.53 

662 

38.074 

111.87 

190.42 

270.15 

663 

38.384 

112.19 

190.89 

270.77 

664 

38.698 

112.52 

191.36 

271.4 

665 

39.017 

112.84 

191.84 

272.02 

666 

39.34 

113.16 

192.31 

272.64 

667 

39.668 

113.48 

192.78 

273.25 

668 

40 

113.8 

193.25 

273.87 

669 

40.124 

114.11 

193.72 

274.49 

670 

40.248 

114.43 

194.19 

275.1 

671 

40.374 

114.75 

194.66 

275.72 

672 

40.501 

115.06 

195.13 

276.33 

673 

40.629 

115.37 

195.59 

276.95 

674 

40.759 

115.69 

196.06 

277.56 

675 

40.889 

116 

196.53 

278.17 

676 

41.02 

116.31 

196.99 

278.78 

677 

41.153 

116.62 

197.46 

279.39 

678 

41.287 

116.93 

197.92 

280 

679 

41.422 

117.24 

198.38 

280.59 

680 

41.558 

117.55 

198.85 

281.17 

681 

41.695 

117.86 

199.31 

281.76 

682 

41.833 

118.17 

199.77 

282.35 

683 

41.973 

118.47 

200.23 

282.94 

k (nr 

684 

685 

686 

687 

688 

689 

690 

691 

692 

693 

694 

695 

696 

697 

698 

699 

700 

701 

702 

703 

704 

705 

706 

707 

708 

709 

710 

711 

712 

713 

714 

715 

716 

717 

718 

719 

720 

721 

722 

723 

724 

725 

726 

727 

728 

729 

730 

731 
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dmi„i  (nm) 

dmin2  (nm) 

dmin3  (nm) 

^min4  (nm) 

42.113 

118.78 

200.69 

283.53 

42.255 

119.09 

201.16 

284.13 

42.398 

119.39 

201.62 

284.72 

42.542 

119.7 

202.08 

285.32 

42.687 

120 

202.54 

285.92 

42.833 

120.3 

203 

286.52 

42.981 

120.61 

203.45 

287.12 

43.129 

120.91 

203.91 

287.72 

43.279 

121.22 

204.37 

288.33 

43.43 

121.52 

204.83 

288.93 

43.582 

121.82 

205.28 

289.54 

43.735 

122.12 

205.74 

290.15 

43.889 

122.43 

206.2 

290.76 

44.044 

122.73 

206.65 

291.37 

44.201 

123.03 

207.11 

291.98 

44.358 

123.33 

207.56 

292.59 

44.517 

123.63 

208.02 

293.2 

44.677 

123.93 

208.47 

293.82 

44.838 

124.24 

208.93 

294.43 

45 

124.54 

209.38 

295.05 

45.163 

124.84 

209.83 

295.66 

45.328 

125.14 

210.29 

296.28 

45.493 

125.44 

210.74 

296.9 

45.66 

125.74 

211.19 

297.52 

45.828 

126.05 

211.64 

298.14 

45.997 

126.35 

212.1 

298.76 

46.167 

126.65 

212.55 

299.38 

46.338 

126.95 

213 

300 

46.51 

127.26 

213.45 

300.64 

46.684 

127.56 

213.9 

301.28 

46.858 

127.86 

214.36 

301.92 

47.034 

128.17 

214.81 

302.56 

47.211 

128.47 

215.26 

303.19 

47.389 

128.78 

215.71 

303.83 

47.568 

129.08 

216.16 

304.46 

47.748 

129.39 

216.61 

305.1 

47.93 

129.69 

217.07 

305.73 

48.112 

130 

217.52 

306.36 

48.296 

130.31 

217.97 

306.99 

48.481 

130.62 

218.42 

307.62 

48.667 

130.92 

218.87 

308.24 

48.854 

131.23 

219.32 

308.87 

49.042 

131.54 

219.77 

309.5 

49.231 

131.85 

220.22 

310.12 

49.422 

132.16 

220.65 

310.74 

49.613 

132.48 

221.09 

311.37 

49.806 

132.79 

221.53 

311.99 

50 

133.1 

221.97 

312.61 
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A (nm) 

dmini  (nm) 

dmin2  (nm) 

dmi„3  (nm) 

dmin4  (nm) 

732 

50.195 

133.42 

222.41 

313.23 

733 

50.391 

133.73 

222.86 

313.85 

734 

50.588 

134 . 05 

223.31 

314.47 

735 

50.787 

134.36 

223.76 

315.08 

736 

50.986 

134.68 

224.21 

315.7 

737 

51.187 

135 

224 . 67 

316.32 

738 

51.389 

135.32 

225.12 

316.93 

739 

51.592 

135.64 

225.58 

317.55 

740 

51.796 

135.96 

226.04 

318.16 

741 

52.001 

136.29 

226.5 

318.78 

742 

52.207 

136.61 

226.97 

319.39 

743 

52.415 

136.94 

227.43 

320 

744 

52.624 

137.26 

227.9 

320.61 

745 

52.833 

137.59 

228.36 

321.22 

746 

53.044 

137.92 

228.83 

321.83 

747 

53.256 

138.25 

229.3 

322.44 

748 

53.469 

138.58 

229.77 

323.05 

749 

53.684 

138.91 

230.24 

323.66 

750 

53.899 

139.25 

230.7 

324.27 

751 

54.116 

139.58 

231.17 

324.88 

752 

54.333 

139.92 

231.64 

325.49 

753 

54.552 

140.26 

232.11 

326.09 

754 

54.772 

140.6 

232.58 

326.7 

755 

54.993 

140.94 

233.05 

327.31 

756 

55.215 

141.28 

233.52 

327.91 

757 

55.439 

141.63 

233.99 

328.52 

758 

55.663 

141.97 

234.46 

329.12 

759 

55.889 

142.32 

234.93 

329.73 

760 

56.116 

142.67 

235.4 

330.34 

761 

56.344 

143.02 

235.86 

330.94 

762 

56.573 

143.37 

236.33 

331.54 

763 

56.803 

143.73 

236.79 

332.15 

764 

57.034 

144.08 

237.25 

332.75 

765 

57.266 

144.44 

237.72 

333.36 

766 

57.5 

144.8 

238.18 

333.96 

767 

57.735 

145.16 

238.64 

334.57 

768 

57.971 

145.52 

239.09 

335.17 

769 

58.207 

145.89 

239.55 

335.77 

770 

58.446 

146.26 

240 

336.38 

771 

58.685 

146.63 

240.45 

336.98 

772 

58.925 

147 

240.9 

337.58 

773 

59.167 

147.37 

241.35 

338.19 

774 

59.409 

147.75 

241.79 

338.79 

775 

59.653 

148.12 

242.23 

339.4 

776 

59.898 

148.5 

242.67 

340 

777 

60.144 

148.88 

243.11 

340.6 

778 

60.391 

149.27 

243.54 

341.21 

779 

60.639 

149.65 

243.97 

341.81 

X (nn 

780 

781 

782 

783 

784 

785 

786 

787 

788 

789 

790 

791 

792 

793 

794 

795 

796 

797 

798 

799 

800 

801 

802 

803 

804 

805 

806 

807 

808 

809 

810 

811 

812 

813 

814 

815 

816 

817 

818 

819 

820 

821 

822 

823 

824 

825 

826 

827 
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^minl  (nm) 

^min2  (nm) 

^min3  (nm) 

^min4  (nm) 


244.4 

342.42 

244.83 

343.02 

245.25 

343.63 

245.67 

344.23 

246.08 

344.84 

246.49 

345.44 

246.9 

346.05 

247.3 

346.66 

247.7 

347.26 

248.09 

347.87 

248.48 

348.48 

248.87 

349.09 

249.25 

349.7 

249.63 

350.31 

250 

350.91 

250.37 

351.52 

250.73 

352.13 

251.09 

352.75 

251.44 

353.36 

251.79 

353.97 

252.13 

354.58 

252.47 

355.2 

252.8 

355.81 

253.12 

356.42 

253.44 

357.04 

253.75 

357.66 

254.06 

358.27 

254.36 

358.89 

254 . 65 

359.51 

254.94 

360.13 

255.22 

360.75 

255.5 

361.37 

255.77 

361.99 

256.03 

362.61 

256.28 

363.24 

256.53 

363.86 

256.77 

364.49 

257 

365.11 

257.22 

365.74 

257.44 

366.37 

257.65 

367 

257.85 

367.63 

258 . 04 

368.26 

258.23 

368.9 

258.41 

369.53 

258.57 

370.16 

258.73 

370.8 

258.89 

371.44 

k (nm) 

827 

828 

829 

830 

831 

832 

833 

834 

835 

836 

837 

838 

839 

840 

841 

842 

843 

844 

845 

846 

847 

848 

849 

850 

851 

852 

853 

854 

855 

856 

857 

858 

859 

860 

861 

862 

863 

864 

865 

866 

867 

868 

869 

870 

871 

872 

873 

874 
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^minl  (nm)  d 

min2  (nm)  d 

min3  (nm)  d 

min4  (nm) 


258.89 

371.44 

259.03 

372.08 

259.16 

372.72 

259.29 

373.36 

259.41 

374 

259.51 

374.64 

259.61 

375.29 

259.7 

375.94 

259.78 

376.58 

259.85 

377.23 

259.91 

377.88 

259.96 

378.53 

260 

379.19 

260.03 

379.84 

260.05 

380.5 

260.06 

381.16 

260.06 

381.82 

260.05 

382.48 

260.03 

383.14 

259.99 

383.8 

259.95 

384.47 

259.9 

385.14 

259.83 

385.81 

259.75 

386.48 

259.66 

387.15 

259.57 

387.82 

259.45 

388.5 

259.33 

389.18 

259.2 

389.86 

259.05 

390.54 

258.89 

391.22 

258.72 

391.91 

258.54 

392.59 

258.34 

393.28 

258.14 

393.97 

257.91 

394.66 

257.68 

395.36 

257.44 

396.06 

257.18 

396.75 

256.9 

397.45 

256.62 

398.16 

256.32 

398.86 

256.01 

399.57 

255.68 

400.28 

255.34 

400.99 

254.99 

401.7 

254.62 

402.42 

254.24 

403.14 
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. (nm) 

dmi„,  (nm) 

drai„2  (nm) 

dmin3  (nm) 

875 

253.85 

876 

253.44 

877 

253.02 

878 

252.58 

879 

252.13 

880 

251.66 

881 

251.18 

882 

250.68 

883 

250.17 

884 

249.64 

885 

249.1 

886 

248.54 

887 

247.97 

888 

247.38 

889 

246.77 

890 

246.15 

891 

245.51 

892 

244.86 

893 

244.19 

894 

243.51 

895 

242.8 

896 

242.09 

897 

241.35 

898 

240.6 

899 

239.83 

900 

239.04 

APPENDIX  C 

DERIVATION  OF  THE  PHASE  SHIFT 

The  phase  shift  5,  introduced  for  evaluating  the  thickness  of  the  amorphous 
layer  in  Chapter  4,  is  known  to  be  a function  of  the  refractive  index  for  the  absorbing 
medium.  It  is  given  by 

V 

tgSr  = (C.1) 

Rmr 

tgS*  = (C.2) 

Rmt 

Where  r and  t are  the  amplitudes  of  the  reflected  and  the  transmitted  light, 
respectively.  Imr  and  Rmr  represent  the  imaginary  part  and  the  real  part  of  the 
reflectance  amplitude,  respectively,  and  Imt  and  Rmt  are  the  imaginary  part  and  real 
part  of  the  transmitted  amplitude,  respectively. 

As  mentioned  in  Appendix  A,  the  reflectance  amplitude  and  transmission 
amplitude  are  defined  as 

ni-nj 

rij  = , (C.3) 

Hi  + 
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tij  = 


2n, 

“i  + °j 


(C.4) 


According  to  Figure  4.16,  the  phase  shift  is 

5 = (5t01  - 8r01)  + 5r12  + 5t10,  (C.5) 

where  5t01,  5r01,  5r12  and  5t10  are  derived  from  equations  (C.l)  and  (C.2)  combined 
with  (C.3)  and  (C.4).  The  complex  refractive  index  is  used  for  the  case  of  absorbing 
films.  For  example, 


roi  _ 


(no  - iko)  - (ni  - iki) 
(no  * iko)  + (ni  - ikO 


Thus, 


n o - n2!  + k20  -k\  + 2i(k1n0  - k^) 

(no  - na)2  + (ko  + kj)2 


(C.6) 


5r01  = tg1 


2(kino  - Vb) 


Rmr 


n20  - n2j  + k20  -k2j 


, (C.7) 


The  other  terms  are  described  as  follows, 


Sr12  = 


2(k2ni  - kjn2) 


n2i  * n22  + k2j  -k22 


(C.8) 


('Mi  + kino) 


(C.9) 


5t01  = 

n20  + n0n1  + + k20 


(-kino  + Mi) 

5t10  = . (C.IO) 

n2j  + r^nj  + Mi  + k2j 


In  general,  the  phase  shift  5 is  given  by 

2(kyn*  - My) 

8*  = tg1 (C.ll) 

nX2  - V + kx2  - ky 


= tg'1 


(’My  + Mx) 


nx2  - n/  + kx2  - ky2 


(C.12) 


APPENDIX  D 

THE  EFFECT  OF  DOPING  ON  THE  BAND  STRUCTURE 
OBSERVED  FROM  DIFFERENTIAL  REFLECTOGRAMS 


The  effect  of  doping  on  the  band  structure  of  silicon  is  naturally  of  major 
interest  to  the  electronics  industry  because  doping  affects  the  characteristics  and 
performance  of  microelectronic  devices.  Accordingly,  several  studies  [143, 144]  have 
focused  on  a comparison  between  experimental  results  obtained  by  optical  techniques 
and  theoretical  predictions  of  the  changes  of  the  band  structure  caused  by  doping. 

In  this  section,  some  observations  which  interrelate  doping  effects  with  peaks 
in  differential  reflectograms  will  be  presented.  Figure  D.l  depicts  differential 
reflectograms  of  arsenic  ion-implanted  silicon  (utilizing  a dose  of  1 x 1015  ions/cm2) 
after  high  temperature  annealing  at  700°C,  900°C  and  1100°C  for  1 hour.  In  order 
to  remove  any  possible  oxide  layers  which  might  have  formed  during  high 
temperature  annealing,  the  samples  were  dipped  in  a BOE  solution  for  15  seconds 
before  the  measurements  were  taken.  It  is  observed  that  the  characteristic  peaks  Ej 
through  E3  known  for  interband  transition  energies  arenot  present  after  annealing 
at  700°C,  indicating  that  the  recrystallization  has  been  completed.  However,  peaks 
E3  through  E3  reappear  after  annealing  at  900°C.  The  heights  of  the  peaks  for  the 
1100°C  anneal  are  even  larger  than  for  the  900°C  anneal. 

Figure  D.2  depicts  differential  reflectograms  of  arsenic  ion-implanted  silicon 
applying  a dose  of  1 x 1016  ion/cm2  after  annealing  at  high  temperatures  for  1 hour. 
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Wavelength  (nm) 


Figure  D.l.  Differential  reflectograms  for  A s+  ion-implanted  silicon  utilizing  a dose  of  1 x 
1015  ions/cm2  after  high  temperature  annealing  for  1 hour. 
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Wavelength  (nm) 


Figure  D.2.  Differential  reflectograms  for  As+  ion-implanted  silicon  utilizing  a dose  of  1 x 
1016  ions/cm2  after  annealing  at  various  temperatures  for  1 hour. 
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It  is  observed  that  the  intensities  of  the  interband  transition  peaks  (Ex  through  E3) 
are  largest  for  the  700°C  anneal,  whereas  these  peak  heights  are  smaller  and  almost 
identical  for  annealings  at  800°C,  900°C  and  1100°C.  It  is  also  noted  that  the 
differential  reflectograms  resulting  from  the  700°C  anneal  still  show  some 
interference  peaks,  indicating  that  the  recrystallization  has  not  yet  been  completed 
in  this  case. 

The  above  mentioned  differences  in  peak  structures  are  believed  to  be  related 
to  damage  recovery  as  well  as  to  doping  effects.  The  main  effect  of  the  impurities 
is  known  to  be  a broadening  of  the  critical  interband  transition  energies  and  a shift 
of  these  energies  to  lower  values  [143,  144,  145].  A broadening  and  shifting  of 
interband  transition  energies  results  in  peaks  in  differential  reflectograms  as 
schematically  shown  in  Figure  D.3.  Therefore,  the  reappearance  of  peaks  Ex  through 
E3  after  high  temperature  annealing  is  linked  to  a change  in  the  band  structure  due 
to  doping  (in  addition  to  crystal  damage  effects  discussed  in  previous  sections).  Let 
us  consider  at  first  the  case  of  implantations  applying  a dose  of  1 x 1015  ions/cm2. 
As  the  annealing  temperature  increases,  successively  more  impurities  move  to  regular 
lattice  positions  and  thus  contribute  to  a change  in  the  electronic  structure.  In  the 
case  of  an  implantation  with  a dose  of  1 x 1016  ions/cm2,  annealing  at  700°C  for  1 
hour  is  not  yet  sufficient  to  completely  cure  the  lattice  damage.  The  relatively  large 
intensities  of  peaks  Ex  through  E3  are  therefore  a consequence  of  a superposition  of 
two  effects,  namely,  that  of  the  remaining  lattice  damage  and  that  of  the  impurities. 
As  the  annealing  temperature  increases,  the  recrystallization  comes  to  a completion 
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(a) 


Figure  D.3.  Schematic  representation  of  (a)  Reflectance  vs.  energy  for  doped  and  undoped 
silicon,  (b)  Reflectance  difference  obtained  from  (a). 
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as  is  also  deduced  from  the  successive  decrease  of  the  interband  transition  peaks. 
Peaks  Ej  through  E3  are  then  exclusively  caused  by  doping  effects. 

For  comparison,  Figure  D.4  shows  a series  of  differential  reflectograms  for  Si+- 
implanted  silicon  after  annealing  at  700°C,  800°C,  900°C  and  1100°C  for  1 hour.  No 
interband  transition  peaks  Ej  through  E3  are  observed  after  annealing  at  1100°C, 
because  no  doping  effect  is  naturally  present  for  self-implanted  silicon. 

These  experiments  demonstrate  that  differential  reflectometry  is  well  capable 
of  revealing  the  effects  of  doping  on  the  band  structure. 

Figure  D.5  depicts  a series  of  resistivity  profiles  measured  as  a function  of 
depth  for  the  above  mentioned  arsenic-implanted  silicon  substrates  applying  two 
doses  (1  x 1015  and  1 x 1016  ions/cm2).  The  profiles  were  obtained  from  spreading 
resistance  measurements  performed  after  bevelling  the  sample  surface.  For  both 
doses,  a high  resistivity  is  observed  near  the  surface  for  as-implanted  samples.  This 
is  due  to  the  implantation-induced  heavy  lattice  damage.  After  annealing  at  700°C 
for  1 hour,  the  resistivity  near  the  surface  decreases  to  smaller  values.  With 
increasing  annealing  temperatures,  the  resistivity  remains,  however,  unchanged.  (The 
small  increase  in  resistivity  and  widening  of  the  surface  zone  at  1100°C  is  believed 
to  be  due  to  diffusion  of  the  dopants.)  This  indicates  that  the  lattice  defects  have 
been  annealed  out  and  the  electrical  activation  has  almost  been  completed  after 
annealing  above  700°C.  This  observation  is  in  apparent  contradiction  to  the  optical 
data  which  suggest  that  the  activation  takes  place  as  late  as  during  a 900°C  annealing. 
The  apparent  contradiction  is  resolved  by  knowing  that  the  optical  beam  at  high 
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Figure  D.4.  Differential  reflectograms  for  Si+  ion-implanted  silicon  with  a dose  of  5 x 1015 
ions/cnr  after  annealing  at  various  temperatures. 
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Figure  D.5.  Resistivity  vs.  depth  profile  (a)  For  arsenic  implantation  applying  a dose  of  1 x 1015  ions/cm2, 
(b)  For  arsenic  implantation  applying  a dose  of  1 x 1014  ions/cm2. 
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photon  energies  probes  only  the  very  surface  area,  that  is,  the  first  10  nm,  a 
resolution  which  is  essentially  unaccessible  to  the  resistance  probes  (See  scales  in 
Figure  D.5).  The  optical  data  presented  in  Figuesr  D.l  and  D.2  suggest  therefore 
the  completion  of  the  carrier  activation  at  the  very  surface  of  As+  ion-implanted 
silicon  (dose  = 1 x 1015  ions/cm2)  occurs  at  higher  temperatures.  This  result  is 
potentially  important  for  ULSI  devices  which  employ  only  extremely  thin  layer  in  the 
nanometer  range. 
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